oes S KA GE OF “yy "Ss 


I 


She Aer Oo R EN TN G EN 


VOLUME 10, NUMBER 4 Te l l U S NOVEMBER 1958 


AOL RTE RIM JOURNAL OF GEOPHYSICS 


The Helicoidal Structures in the Cosmical Electrodynamics 


By SYUN-ICHI AKASOFU, Geophysical Institute, Téhoku University, Sendai, Japan! 


(Manuscript received December 12, 1957) 


Abstract 


The general-type solution of the equation [curl(curl H x H)|=0 are studied in the cylindrical 
systems, according to LUNDQUIST’s and CHANDRASEKHAR’s methods. In general, the magnetic 
fields are of helicoidal type in the cylindrical systems. Several examples are studied in the 


cosmical fields. 


I. Introduction 


CHANDRASEKHAR (1956a) has shown that a 
magnetic field none of whose components are 
azimuthal can always be expressed as the sum 
of a toroidal T field and a poloidal P field. In 
this paper, we study several configurations of 
magnetic fields which satisfy the following 
equations under the restriction that none of 
their components are azimuthal; 


curl (curl H x H)=o. (1) 
In cylindrical co-ordinate systems (&, y, z), H 
with the above-mentioned restriction has a 
form 


Sa R Ole 
Ho ae int Oia De 326 (@?P) TE, (2) 


and the poloidal function P and the toroidal 

function T which satisfy (1) and (2) are the 

solutions of the following differential equations, 

respectively. 

d2P 

Joa: odo 
1 Address after January, 1959: Geophysical Institute, 

University of Alaska. 
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(P)=®(o2P), (3) 


d 


Sr _ >2 
GP) (oT) = 2G (@?P). 


(4) 


In the cosmical dimensions, such configura- 
tions in the cylindrical system seem to appear 
in the following examples: (i) Force-free dis- 
charges, (ii) Magnetic fields of spiral arm, (iii) 
Current jets, (iv) Isoroattion and the filamentary 
structures of diffuse nebulae. In these examples, 
P and T functions are reduced to the solutions 


of (3) and (4). 
2. Magnetohydrostatic cases 


The simultaneous equations governing the 
velocity field and the magnetic field in an 
incompressible, inviscid and conductive fluid 
are (in e.m.u.) 


(= curl H-vx H), (5) 
470 


) 
oe curl Poses curl H x H - 
- grad (2x2 a+) 
Q 


div H=o, div v=o, 
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where the various notations are the generally 
used ones (cf. CHANDRASEKHAR, 1956 b). 

Let us study some static cases. In this case, 
(6) becomes 


ia curl H x H= grad (2+ v). (8) 
4700 0 


Taking the curl of this, we obtain (1). As was 
pointed out by LUNDQUIST (1950, 1952), the 
solution of (8) satisfies 


H x grad (? + v) 
I 
re curl H= «H+ - Ha FMH) 


The two cases appear as the special solutions, 


(i) grad (? + y) =0, (10) 


(1) 


(ii) HO; 


(i) Beltrami field 


In the first case, we find 


ext H=e¢H or jxH=0, 


where 
a’ = 4nou. 


In general, such a configuration in a vector 
field is called the Beltrami field. This case 
means that all the terms in the equation of 
motion (6) are zero, independently. Lunp- 
QUIST (1950) and CHANDRASEKHAR (1956 a) 
studied this problem for the axisymmetric case. 
The latter author stated in a separate paper 
(1957) that the magnetic field gets altered in 
such a way that its influence on the motions 
is progressively reduced and a stationary state 
is eventually reached. The writer is not sure 
that such a configuration appears in the in- 
dependent system. For example, from where 
come the electric currents in the independent 
system ? 

However, if the electric discharge occurs 
along the magnetic lines of force in the solar 
atmosphere and jx (H,+A) becomes larger 
than any other terms in (6), we can expect the 
following configuration; 

curl hx (H, +h) =o, 


(13) 


and 
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(14) 


Let us study this case along the method 
developed by CHANDRASEKHAR for the axi- 
symmetric case. In cylindrical co-ordinate 
system, H and curl H are 


curl H,= 0. 


0 
ou 85 I, +olig+ 


- (3 2 (@?P) + H)in 


wo dw 


(15) 


curl H=@ oe - @A;PIg+ 
dz 


Then, (13) becomes 
curl h= «(H,+ Ah), 


or 
oT te 
— © — 1, - 6A, Pr, +— — (@*7T)1,= 
zZ En 36 | ) 5 


ap E 
=a) -0— 1, +@TI,+ 
dz 


(18) 


Comparing each component on both sides, 
we can obtain the following relations; 


A,P= -aT, (19) 
OT _ „OP 
dz az’ (20) 


Equation (21) can be reduced to 


he à aH, 
QT = a@?P + —° 62 + K, 
= 


(22) | 


where K is a constant. But, K must be zero 
in this case, according to the requirement 
that T be regular on the z-axis. Then, 
aH, 
T=«aP+ = (23) 
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Substituting (23) into (19), the differential 
equation which must be satisfied by P is 
Doel of 


A;P= — «@P- Lae (24) 


This is the special case of (3). With suitable 
boundary conditions, we can expect the heli- 
coidal structure of the magnetic field which 
will be studied in the next section. In fact, 
DuNGEY and LOUGHHEAD (1954) studied the 
stability of this type of field having the impres- 
sion that some prominences show filaments 
being twisted, though they have not verified 
why such a configuration appears in such a 
system. 


(ii) Complex-lamellar field 


The second case is that 


470 2 
curl H=—= Hx grad (2. v). 25 
Fens See (25) 


Taking the dot product with H, we can get 
(26) 


In general, such a configuration in a vector 
field is called the complex-lamellar field. 
The magnetic field which satisfies (26) can be 
expressed by the two scalar functions y and x; 


(27) 


H.curl H=o. 


H = y grad 7. 
For axisymmetric case, this becomes 


ees I,. 


2) 
a dz 


ox 
Io 


(28) 


Comparing (28) with (2), we find 


A o8 
and also 
TE TER 
HAE (@2P) = y ae (29) 
ih Ox 
= an „2 = —— 
H, 338 (@?P) = y D (30) 


This is the case which is studied by FERRARO 
(1954) in the case of equilibrium of the mag- 
netic star. 
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(iii) Magnetic fields of spiral arm 

The Beltrami field and the complex-lamellar 
field are only the special solution of equation 
(8). In this part, we discuss the most simplest 
general-type solution of (8). This discussion is 
quite analogous with the method developed by 
CHANDRASEKHAR and PRENDERGAST (1956) and 
PRENDERGAST (1956). 

Taking the curl of (8), we have the equa- 
tion (1), 


curl (curl H x H)=o (31) 
As the simplest example, we consider the mag- 
netic fields of the spiral arm. The force-free 
discharge discussed above can be studied quite 
analogously along this line. CHANDRASEKHAR 
and Fermi (1953) assumed the following 
equilibrium condition in the spiral arm, 


(32) 


They used this equation for somewhat different 
purpose. In that paper, they have supposed 
that the direction of the galactic magnetic 
field is roughly parallel to the direction of the 
spiral arm. 

When we equate the gravitational pressure 
in the arm to the sum of the gas pressure and 
the magnetic pressure and the density in the 
arm is assumed to be constant, the similar 
equation to (32) reduced to (1). Using (1) 
and (16), the poloidal function which must 
satisfy (1) becomes (cf. PRENDERGAST (1956) 
eq. (19) 


Perav. = Pkin. + Pmag. 


d?P 


do” 


Aa Ga 
Oz? 


= 2D-— , 

oO 00 Er (33) 
and the toroidal function which also must 
satisfy (1) becomes 


d 


d(&?p) 


where we assume 


(02T?) = 20262P, 


(34) 


G=œ@?P (x= constant), 


D = x = constant, 


in the equations (3) and (4), respectively. It 
must be noticed that (33) has the same form 
with (24). 
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Then, (33) becomes 


dP 3 dP 

ae tS = P= 4%, 

FER ee (35) 
where we assume d/dz =0. ; 
If we take x= —«?H,/2, this equation is 
exactly the same as (24). The solutions of (34) 
and (35) which are regular on the z-axis are 


p= CAES (36) 
x w 
T=aP. (37) 


Then, it is easily verified that 


curl H= 4nj = aH - @x1,, 
and 


” (2 (P) , (er) a 


On Oz 


= a grad (@2P). (38) 


Rewriting (8) in the following form 
jx H= grad p+ o grad V, (39) 


and substituting (38) into (39), we obtain 
- = grad (HP) = grad p + o grad V, (40) 


or 
% 


Sr (oP) =p+oV (41) 


On our case, we take 
oV = nGoo,R?. (42) 


In the simplest case, the boundary conditions 
to be satisfied at the surface of the spiral arm are 


SER the pressure is zero, 
Du Sets aries magnetic field is zero; (43) 
where R is the radius of the spiral arm. Then, 
this is 


at O= R, ee and un (44) 


from which we can obtain the final form of P 


BB: (: Te) (45) 


2 J,(#R) 


The another requirement 1s 


ie 3 “Sp JR) =0, (46) 


and this is satisfied, only if 


Ja(aR) = 0. (47) 


The first root of (47) is 


Oh = 55135; (48) 


When we take large «, the toroidal field be- 
comes larger compared with the poloidal field 
and then it seems that this configuration be- 
comes unstable, as was pointed out by ALFVÉN 
(1950a). 

Substituting the final form of P (45) into (2), 
the magnetic field in the spiral arm is 


a ates 


+ ae Ja (ao) + (: = ale 


The lines of force resemble a helix wrapped on 
the cylindrical surface. 

The boundary conditions adopted here are, 
of course, very scanty. (cf. SPITZER (1956)). 
Moreover, this is not the pure magnetostatic 
problem. However, it may be noticed that 
SHAJN (1957) obtained the systematic devia- 
tion of the general field from the galactic 
plane about 18° in the solar vicinity. 


(iv) Current jets 
The current-jet theory of filaments is a more 
general case of the force-free discharge. It 
seems that the force-free discharge occurs in 
the high solar atmosphere, but the general case 
may occur in the chromospheric regions where 
Jj H term can be balanced by the sufficient 
Tellus X (1958), 4 
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pressure gradient. This has been studied as the 
constriction of discharge by Arrv£n (1950b). 
The current-jet theory assumes the form 


send pt px H =o, (50) 
Taking the curl of this equation, we find also 
curl (curl Hx H)=o. (sx) 


Thus, we consider the solution of (33) and (34) 
under the boundary conditions that the mag- 
netic fields are zero except b<& <a. That is, 
the magnetic field is enclosed between two 
concentric cylindrical surfaces. 

CowLiING (1957) criticized the current-jet 
theory, because such a field implies surface 
currents flowing in opposite directions on © =b 
and =a and such oppositely directed currents 
are difficult to set going. He probably says 
that this configuration is too artificial. How- 
ever, COWLING’s estimation is only a special 
solution of (1) and in general, such a simple 
configuration does not occur. 

In this case, a poloidal function which 
satisfies (33) or (35) has a form 


en AJ, (ao) ei BY, (x0) (3) 


a o D) 


From (34), we obtain a toroidal function 
oT = «2&@4P + K. 


From the boundary conditions, we can de- 
termine A, B and «. It is easily shown that K 
must be zero. Substituting (52) and (53) into 
(2), we can obtain the magnetic field and the 
current system, which are expected to be far 
more complex than Cowımg’s model. 


3. Lamb surface 


Rewriting (5) into the following form (54) 
and taking the curl of this equation, we have 


sr curl H x H- 
ot 4700 
I 
— grad Ge vè + 2) (54) 


2 + curl (wx v) = — curl (curl Hx H), 
at 4700 
(55) 
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where 
curl v= w. 


Then, at each regular point, we can determine 
a plane which we may call the Lamb surface 
and whose normal is parallel to the Lamb 
vector w+v. A necessary and sufficient con- 
dition for the existence of the Lamb surface is 
that the Lamb vector be complex-lamellar and 


non-vanishing (cf. TRUESEDELL), 1954). That is, 
(wx v)-curl (wx v)=0, wxvzo. (57) 


Substituting (55) into (57), we have 
I ow 
(av x v)- (= curl (curl H x H) - =) =0. 
4700 at 
(58) 
Then, the Lamb surface exists, if 


9w/ot = o (steady vorticity), 
land curl (curl H x H)=o. 


(59) 


Another Lamb surface which is everywhere 
normal to the vector 7 x H exists, if 


(curl H x H)-curl (curl Hx H)=o. (60) 


curl (w x v)=o or 


From (55), it appears that if curl ( xv) =o, 
then curl (jx H)=o in the case of steady 
vorticity. That is, two types of the Lamb 
surfaces co-exist in the fluid in this case. 

Then, we can imagine the line which is the 
intersection of two Lamb surfaces. On this 
line, a curvilinear Bernoulli theorem can exist. 


RT 
P y= y2 + V= constant. (61) 
2 


a 


In this case, we can determine the velocity 
and magnetic fields by the following equations, 


curl (curl H x H) =o, (62) 


curl (curl » x v)=0, (63) 
and 


o = curl (= curl H-vx H) (64) 
ANG 


As we are concerned with the steady state, 
we can expect v and H progressively reduced 
to the following two cases. 


414 
(i) (62), (63) and curl («x H)=o (o-oo), 


(65) 
(ii) (62), (63) and (64) (a is finite). (66) 
For the first case, we obtain FERRARO’S iso- 
rotation (1937), as the special case. In general, 
v becomes parallel to H and in such a case, 
there is no interaction between the velocity 
field and the magnetic field and further two 
Lamb surfaces are parallel to each other. If v 
is not parallel to H, then, in general, 2H/0t 
does appear, the components of which do not 
satisfy (62) and (63) and » and H fields vary 
with the progress of time in such a manner 
that and H become parallel. 
As the concept of infinite conductivity comes 
mainly from very large linear dimension in 
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cosmic field, some diffuse nebulae may be 
expected. to reach finally this state. The equa- 
tions (62) and (63) have the same form with 
(1) and we can expect that some filamentary 
nebulae have the helicoidal structure in their 
fine structure. SHAJN (1956) suggested the close 
relationships between the shape of these nebulae 
and the magnetic fields. SEVERRNY (1956) point- 
ed out that the knots of eruptive prominences 
are moving along spirals as if it were a motion 
of an isolated charge. The latter type field 
will be studied in a separate paper. 

The writer wishes to express his thanks to 
Professor Y. Kato for his interest and to 
Professor S. CHANDRASEKHAR for his kind 
comments. The writer has benifited much from 
discussions with Mr. T. Tamao throughout 
this study. 
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The Diurnal and the Semidiurnal Atmospheric Solar Tide 


By P. THRANE, Meteorological Institute, Oslo 


(Manuscript received January 7, 1958) 


Abstract 


World-wide oscillations generated by the sun are examined by applying the hydrodynamical 
equations to a rotating spherical model atmosphere. The oscillations are described as small 
perturbations on a static state in which the atmosphere is at rest relative to the earth’s surface. 
Let q denote the heat supplied per unit mass and unit time. Let p and & denote perturbations in 
pressure and specific volume of a particle of air and let the displacement of the particle from 
its equilibrium position be given by 0, y, 2, i.e. the variations of its colatitude, longitude and 
height, respectively. Consider the simplest oscillation of 24-hour period rotating with the sun: 


= Cgsin (WY + Hq), x = sin + M), 


where W denotes local time reduced to angle and x denotes any one of the variables p, a, z, 
y, 6. The amplitudes and phase angles are variable with latitude and height. q, p, &, z, y are 
symmetric with respect to the equator. 

It is shown that, if Cg, ng are given as analytic functions of latitude and height, then the 
quantities Cz, 7, are determined by the equations of motion, the equation of continuity and the 
first law of thermodynamics. 

Considering in like manner the simplest oscillation of 12-hr. period rotating with the sun: 


q=Cosn eV rn), “= Cysin @Y + 7) 


we find that, when Cg, ma are given, the Cy, x satisfying the above mentioned equations contain 
an arbitrary function of height, f(Z). 

The absence in the first case of an arbitrary function which might be adapted to boundary 
conditions, may partly explain the weak development of the 24-hr. wave asa global phenomenon 
in spite of the marked diurnal period in the heat supply q. 

A special case of non-linear equations is considered in order to study certain relations between 
the 24-hr. and the 12-hr. wave. A heat supply of 24-hr. period of the form q=Cg sin (W+70) 
can generate a wave of 12-hr. period. 


I. Introduction 


The sun and the moon generate in the 
atmosphere certain oscillations of world-wide 
character resembling the oceanic tides. The 
expression “atmospheric tides” is widely used 
for such oscillations although they are generated 
to a large extent by the thermal action of the 


Tellus X (1958), 4 


sun, whereas the oceanic tides are due to purely 
gravitational causes. 


Among the atmospheric tidal waves caused 
by the sun we shall consider here a progressive 
wave W rotating with the sun (i.e. moving 
with the speed of local time from east to west). 
It will be assumed that the sun is in its equinoc- 
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(a) 


P. THRANE 


(b) 


Fig. 1, a. Isobaric surface of Wy. b. Oceanic tidal wave. 


tial position and that W is symmetric with 
respect to the equator and composed of two 
harmonic components W, and W, having 
periods of 24 and 12 hours, respectively. In the 
atmosphere we find waves of this kind and 
also a lunar tide L. The wave W, is well known. 
It is often called “the semidiurnal barometric 
variation”. In amplitude it exceeds by far the 
other oscillations. Briefly we may indicate this 
by writing W,> W, and W,> L. 

Fig. 1a) indicates an isobaric surface of W, 
in equatorial section. Sis the direction to the sun. 
The surface has no motion relative to the sun. 
An observer at sea level finds maximum pres- 
sure two hours before noon at all latitudes. 

If W, were excited gravitationally like L, 
it would be weaker than L. The fact that W, 
by far exceeds L in amplitude led Laplace to 
assume that the thermal action of the sun must 
outweigh its gravitational action in the genera- 
tion of W,. This is also supported by compar- 
ing the position of the crest of the wave in 
W, and in the oceanic tide, as shown in Fig 1a), 
and b), where M is the direction to the moon. 
On the other hand the assumption of a thermal 
excitation scems to be in disaccord with the 
fact W,> W,, since the temperature variation 
is diurnal rather than semidiurnal. In order to 
explain this discrepancy Lord Kelvin offered 
the suggestion that the atmosphere has a period 


of free oscillation near to 12 hours so that W, 
is amplified by resonance. 

In more recent years important contribu- 
tions to the theory have been rendered by 
Chapman, Taylor, Pekeris, Bjerknes, Wilkes, 
Haurwitz, Siebert and others. 

The theory of Lord Kelvin has been accepted 
by most authors, although it involves certain 
difficulties. In order to obtain the requisite 
degree of selective resonance it is necessary 
to postulate a free period of almost exactly 12 
hours. WEERES and WILKES (1947) have com- 
puted oscillations in atmospheric models hav- 
ing the required 12 hr. free period combined 
with vertical temperature distributions con- 
forming to the facts at present known about 
the upper atmosphere. It is important to note 
that the free period is quite sensitive to the 
exact form chosen for the temperature varia- 
tion with height between 70 and 90 km. This is 
a weakness of the theory since it seems un- 
likely that the temperature distribution should 
always be maintained in the exact form re- 
quired for a 12-hr. free period. 

The theory of atmospheric tides was orig- 
inally based on and developed from the theory 
of oceanic tides and attention was, therefore, 
focussed on the gravitational semidiurnal effects 
and the possibility of a thermal semidiurnal 
effect. The predominating oscillation W, was 
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investigated, but very little attention was de- 
voted to W,. In the present paper W, will be 
examined with a view to finding a possible 
explanation of its weak development. Further 
the relation between W, and W, will be 
considered. 

The solar wave of 8-hour period nearly 
vanishes at the equinoxes and will be neglected 
in the present paper. 


2. The model atmosphere and the fundamen- 
tal equations 


The model atmosphere is assumed to consist 
of an ideal gas having a stable stratification at 
all levels and being originally at rest on a 
spherical rotating globe. On this “static state” 
is superposed the forced oscillation W= W, + 
W, described in the previous paragraph. 
W, is generated thermally by the sun, while 
W, is generated thermally and gravitationally. 
The oscillations are supposed to be sufficiently 
small to permit the use of equations of perturba- 
tion. The mutual attraction of the air particles 
is neglected. 

Let R denote distance from the earth’s centre, 
Y local time reduced to angle and © co-latitude. 
An individual air particle M will be identified 
by Lagrangian coordinates a, b, c, chosen in 
the following manner. In the static state the 
coordinates R, Y, © of M take the values 
222.0, Wepat Ro =a, ,=b+0r O, =e, 
where b is the geographical longitude of M 
in the static state, © the angular velocity of the 
earth’s rotation relative to the sun and f time. 
c may be limited to the interval (0, x). Let P 
and S denote pressure and specific volume of 
M. Their values in the static state will be 
denoted by p, and a, respectively. In the 
state of oscillation R, Y, ©, P, S are functions 
of a, b, c, and t. For the time differentiation 
following an individual particle we write 


fla bye; "t) =e Other symbols used in the 


following are: 


Cy, G = specific heat at constant pressure, volume, 
x =Cp/ty 

g =acceleration of gravity, 

q =heat per unit mass entering the air, 

é =(%-1)q, v=b+2t, u=cos c, 

09 =1/%)=density in the static state, 

T, =absolute temperature in the static state, 
D =potential of extraneous force. 
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In spherical coordinates the general equa- 
tions of motion in Lagrangian form may be 
written as follows (V. BJERKNES 1930). 


(R- RO? -R si OP) y R + 


) 4 
+ it sin OŸ) v P+ 
OL 


d 2 7 
+ ( (R2O) — R? sin © cos © 7) vO + 


+SvP+v®+F=o, (1) 
i) @ @ 
da db dc 
term. In order to apply this equation to the 


model atmosphere we introduce the apparent 
gravity g, writing in the usual manner: 


where v =| | and F is a frictional 


DZ = QR? sin? © = gR + const. (2) 


Putting Y=-Q+y and having regard to (2) 


we may write Eq. (1) in the form 


[R- RO? -R sin? O (20) +yp?)] v R+ 


+o [re sin? O(Q+ y)| 7 M+ 


€ 
+ | 5 (R20) — R? sin © cos © (20 + #4) x 
x VO+SVP+gvR+F=o0 (3) 


This equation is valid in the vicinity of the 
earth, where g can be considered as constant. 

The equation of continuity and the first law 
of thermodynamics may be written 


__. D(R, ¥, 6) Wil 
2 = 2 
R? sin O DER‘ Soya? sinc, (4) 
e=(x—1)q=xPS + SP. (5) 


The effect of dissipation has not been entered 
explicitly in (5), but the quantity q may be 
taken to include dissipation. By hypothesis 
4 $, P are zero in the static state. In the state of 
perturbation e=e(a, b, c, t) will be considered 
as given. 

In order to deduce equations of perturbation 
we introduce into the equations (3, 4, 5) the 
following expressions: 
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Rear, 
i =p, p; 


and add a “tide-producing potential” y. We 
assume that z, y, 4, p, &, &, y are small quanti- 
ties, functions of a, b, c and t. The equations 
contain linear terms and product-terms in these 
functions. Considering for instance the 


first term in (3), RvR, we find that one 


Y=y+y, 


cant © (6) 


S= G+ %, 


. x d ; 
component is R =2 (: + =) which con- 
Ô 


tains one linear term and one product-term 
(“second-order term”). As regards the deduc- 
tion of the linear terms reference is made to 
V. BJERKNES (1930). 

When deducing from (3) the equations of 
perturbation we shall at the same time assign 
to F a definite value. The horizontal velocity 
relative to the earth is determined by y and 


@ and the horizontal acceleration by y and #. 
We introduce a simplified frictional force 
(‘Rayleigh friction”) proportional to the hori- 
zontal velocity. This can be done as follows: 
We replace y by (p+fy) and # by (4+ Bd) 
where B is a “friction coefficient” which may 
be assumed to be negligible except in a layer 
near the surface. 

Collecting now all linear terms on the left 
side of the equations and all product-terms on 
the right, we may write the equations of 
perturbation as follows: 


A ba atom, Op dz 
“ 2 — ne 
Z — 20a sin? cv+%, oF 29) 380% + 
Op 
a en (7) 


a? sin? c(y+ By) + 2Qa sin? c Z + 


a ee ep 
+ 2Q2a® sin c cos c + a= + 
db 
92 ay 
+0— + —- = ec F 8 
S ob ob a ( ) 
i , 0 7 ap 
a? (u + Bt) — 2024? sin c cos cp + & 5. 2 
IC 
Oz 0q 
SERIE 
> oe 3 (9) 


2 dz dw du 
z as + + < + cotg c- 4-0 x= Gy, (10) 
dC a 5 


oe da | dh 
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& — XPy% — Upp = Gs. (11) 
where the G; are sums of product-terms which 
are small of the second order of magnitude 
when the terms on the left are of the first 
order. It is seen that the equations contain the 
following components of F: 

F,=aB 2 


F,=0, F=a? sin? c By, 


The tide-producing potential of the sun has 
the form y,= KR? * _ cos? #) where K is 


constant and # is the angular distance from the 
sun. Since the sun is in the equatorial plane we 
have cos #=sin O cos Ÿ and we may write 


9,=gH (& = = sin? O - = sin? © cos 2¥ | (12) 


where H may be considered as constant (LAMB 
1932, p. 359). Putting in (12) O=c+4,Y=v+y 
we get linear terms and product-terms. The 
latter may be included in G,, G,. Writing only 
the linear part we may consider y, as the real 
part of 


® = -= gH sin? c (1 ar (13) 


3. Forced oscillations of 24-hour period 


Putting in Eqs. (7 to 11) G;=o we obtain 
linearized equations which will be used in this 
paragraph to study certain properties of the 
oscillation W.. 

We consider first the general form of a 24- 
hour wave travelling with the speed of local 
time. Each of the significant variables in (6) 
must be a function of the form F (a, », 0). 
They are assumed to be finite for all values of 
v, cand a = dg, (aÿ-radius of the globe). Further 
they must be periodic in b with period 2x, 
which involves periodicity in » with the same 
period and in ¢ with period ty = 277/Q=24 hours. 
Bearing this in mind and having regard to the 
theorem that any function of the position 
(b, c) on a sphere can be expanded in a series of 
surface-harmonics we may write 


[ee] 
F(a,» DE 
[6] 


(14) 
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with 


sen 
Sn = CrPa(u) + IKne”Pi(u), (15) 

eG 
where u=cos c, P, denote the Legendre poly- 
nomials and Ps the Legendre associated func- 
tions of the first kind. It is important to note 
that Legendre functions of the second kind 
must be excluded since they are infinite for 
c=0 (u=T). The quantities C,, K, , are func- 
tions of a. We shall assume that the K, , are 
complex quantities. The real part of K, ,, ei” PS 
may then be written as B, sin (sy +7,) where 
B, and n, depend on a and c. Each term in 
(15) thus represents a partial wave which 
generally has a “tilt” with height and with 
latitude. 

The expression (14) represents the most 
general oscillation with 24-hr. period, rotating 
with the sun. The particular oscillation W, 
is obtained by taking only the term with 
s=ı in (15). The variables p, «, z, €, y must 
be symmetric with respect to the equator. 
(15) can be made symmetric by discarding 
the terms containing the asymmetric functions 
Pon+1 and Pi,. We then have for W,: 


NE IR Ce Pon (u) ar Le PETER Lee (u) (16) 
oO O 
(x=p, a, z, y, €). 


The remaining variable, 9, is asymmetric. Its 
form is determined by the equations (8, 9, 
10) having regard to (16). 

Abbreviating (13) and (16) we may write 
p=p,+ Age”, x=x,+A,e” and in like man- 
ner 4=0,+ Age’. The potential œ has a 12-hr. 
period and affects the oscillation W, which 
will be examined later. We shall consider the 
total effect of p in connection with W,. When 
treating W, we therefore put in (7, 8, 9) p=o. 
Assuming that e,=0 we may then satisfy (7 to 
11) with G;=o, p=o by choosing x,, /, =0 
together with suitable values of A,, Ay. 

We now therefore neglect the first term in 
(16) and seek solutions of the form 


(17) 


Noting that the Legendre associated functions 
have the form 


x= Ac", (xn=p, 2, & y, €), = Age”. 


Phar (u) = sin c (ky + kop? +... Ron”) 
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and introducing these expressions in the last 
term of (16) we obtain expansions of the form: 


A 04) Site Ai sin tc-taki + 


eat Slee Te OU 


(18) 
Ay =cos ¢(4, sin? c+ 4, sintc + 


RAR Cap sine N) (19) 
Series of this kind were used by MarGutes 
(1892, 93). The form (19) of A, follows from 
the equations (8, 9, 10) having regard to (18). 
The coefficients x;, 6; are functions of a. 

The formal mathematical operations leading 
from (16) to (18, 19) do not ensure the uniform 
convergence of these series. It is known from 
mathematical analysis that an analytic function 
f(c) with period 27 can be expanded in a series 
of the form 


f(c) =Ag + Ay sin c+ À, sin? c+...+ 
+ cos c(B, + B, sin c+ By sin? c+... 


| (20) 
It has been assumed that the longitude b varies 
in the interval (-r, x) and c in the interval 
(0, x). However, the equations (7 to 11) would 
not be altered if b had the interval (0, x) and 
c the interval (0, 27). We may, therefore, 
regard (18, 19) as special cases of (20) and 
conclude that the former are valid at least when 
the A,, Ay are analytic functions of c. 

It is seen that (18) contains only odd powers 
and (19) only even powers of sin c. This is 
due to the properties of Legendre functions 
and would not be immediately apparent if we 
had started from (20) instead of (15, 16). 

It is of interest to observe that ail amplitudes 
in (17) vanish for c=o since P3, , (1) =0, whence 
it follows that a particle M, which, in the static 
state, is situated on the earth’s axis, will remain 
there and will undergo no change in height, 
pressure and density. This is also confirmed by 
the following considerations: For particles on 
the earth’s axis b is arbitrary and the values of 
p, % 2, € must therefore be independent of 
b’when c=o. According to (17) this is only 
possible if the amplitudes 4,,, >, . vanish for 
c=o. Let us next consider A, and Ay. An 
expansion of the form (16), which has been 
applied to x=y, is evidently valid also for 
y=sin?c-y by a suitable choice of the coef- 
ficients. Taking again only the last term of (16) 
we are led to the following series 
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If y, #0 this gives an infinite value of A, 
for c=o (but a finite linear velocity y sin c). 
However, the linearized equations of perturba- 
tion were based on the assumption that product- 
terms could be neglected, e.g. y? was neglected 
in comparison with 2Qy. Therefore the equa- 
tions would not be valid if y became infinite 
at any point. We must have then y_,=o and 
we thus come back to the expansion (18) for 
Ay. Similarly we might at first thought as- 
sume an expansion of the form 


sin cAÿ= cos c ( sinc+ 6 sin? c+...) 


If 4, #0 this would make the term cotg c-@ 
in (10) infinite for c=o, all the other terms on 
the left in (10) remaining finite. We must 
have, therefore, 4=0, which leads back to 
(19). Thus it has been shown that A, and An 
vanish for c=o. 

By means of the expressions (17, 18, 19) and 
the equations (7 to 11) we shall now prove the 
following proposition. 


If e= A.e” is given, then the variables 
p, 2, % y, 4 of the form Ac” can be de- 
termined by the equations of motion, (2 
the equation of continuity and the first [\“ ) 
law of thermodynamics, provided that 
the series (18, 19) converge uniformly. 


In (7 to 11) we put G;=0, y=0 and intro- 
duce (17), whereby e’ drops out and equations 
between the A,, Ay are obtained. Introducing 
then ‘the series (78.19), (A,=P, sin.c+ u. 
A,=2, Sin c+... etc.) we easily find that 
each of the equations (7, 8, 10, 11) may be 
written in the form 


oo 


Y FO, 1 sin**1c=0, 
oO 


(i=, 2,3;4) (22) 
and equation (9) in the form 


O9 
COS COM AIDE CE Où 
oO 


(23) 


where Fi®_, and F,, are functions of a. Obvi- 
ously they must all be zero. We write first 
the equations Fj? =o, F,=o by collecting in 
(7, 8, 10, 11) the terms containing the first 


1D DISTR AUN (IS) 


~*~ 


power of sin c and in (9) the terms in cos c. 
Denoting differentiation with respect to a by 
a prime we obtain: 


from 7: F9 = - 222, + xpi + 
+ $24 — 900% = 0; (24) 
from (8) and (9): FP? =F,)= 


% P1 +87] == O, 


(25) 
from (10): Fi» "2 + 21 + ip + 


+36, — 00% =O, (26) 


from (11): Fi? = €, - iQ (xpoo, + &pı) = 0. 
(27) 


Since F(® and F, are identical we have obtained 
only four independent equations for n=0. 
Using the equation obtained by differentiating 
(25) we may replace (24) by: 


[F®, FP] = 022, + ap, + g00% =0 (28) 


If 6, is given it is always possible to determine 
&, Pas Zı from (25, 27, 28). The determinant of 
these equations may be written (using the 
equation of state py% = Ro To)- 


Dy = g = gupy%o + Qxpoxy 


= Ry) — ç (rs +2) + 2T, 
c 


P 


(29) 


If we neglect the last term, which is very 
small compared with the others, it is seen 
that D,=o when Ti= -g/c, (approximately 
107? centigrade per metre), i.e. when the 
atmosphere is in the indifferent static equili- 
brium. As we have assumed static stability we 
have everywhere D, # 0. 

The remaining two variables y,, #, are 
connected by Eq. (26). Another equation be- 
tween them can be found as follows: From (8) 
and (9) we compute 


FE = @Q(-Q+ if) yp, + 2Qaiz, + 
+ 2Q?aiA, + i (agp, + 925) = 0, 
= @Q(- 2 + iB) ty - 20%aiy, + 


+ 3 (cops + 923) = 0 


(30) 


(31) 


Multiplying (30) by 3i and adding we obtain 
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wesw Se (si+3 À) Yi + (7 -i5) Ay + 


+-2, = 
PN (32) 


The equations (26, 32) determine y, and 
Hy (21 and a, being already determined). 

Let (Ps 0%, 24, Vas #5) be called “the first 
Set ok-cociicients, (Poni, --- Yan-ız Pan) the 
n® set” (n = 1). We have seen that the first set 
is determined when e, is known. If all sets u 
to the n have been found the (+1) set 
(Ponsi- - - Yanzı G2n+2) can be determined. The 
first set was found by putting the expressions 
En, 2.1 fy | aud [ryt s| equalto 
zero. In like manner the (n+1)** set will be 
found by putting the analogous expressions 


(2) (3) (4) (1) (2) 
Eee, Fr: Pin Ben Fes ? 


Habeas er (33) 


equal to zero. (The meaning of the brackets 


will be defined below). We have 
Fon = Dir — 20 ia 1 + %oPanıı + 
1 
+ g29n+1 — LOL +1 = 9; (34) 
FO = a? — 2? + iBQ) Won + 2 aizon 1 + 
+ 2,022 ai (Ho, — 02, -2) + 


i (oPon+1 + Leon+1) = 0, (35) 
Je => a? (—2? Ir iBQ) GE Æ. 2220? iWon à ie 


+ (2n+1)(&oPan:1 + LZan:1) = 0, (36) 
2, , a 
Porn en ty angel Won +1 at 


a (2n Le 3) Ogn+2 = (2n AR 2) Bon — Og%on+1 = ©» 
(37) 
id = €an+1 — iQ (xpPo%an +1 + AoPon+ 1) ZZ 0(38) 


Differentiating (35) we find an expression for 
(%pPon+1t+&%an+1)- Introducing this into (34) 
we obtain 


[ RR F2;ıl = 2? 2441+ HoPan+1 gis 
LOoLan+1= Ly, (39) 


where L,, is a known quantity depending on 
Weta eds 102.623 and, their first deriva- 
tives. From (36, 38, 39) we can find Zan +1, 
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2n+1> %n41- The determinant of these equa- 
tions is equal to D, in (29) which is different 
from zero in the stable atmosphere. 

It remains to find pon +1, Mono. If in (35, 36) 
we change n to (n+1) we get the equations 
Fon+s=0, F3n:2=0. Eliminating here the ex- 
pression (%Pon43+Zen+3) We obtain the equa- 
tion 


Boe 3 Fon ar 2] = 


= (em + s)i+ (an+ 5) À) Yon sa + 
B N 
+ (4n+7- Qi Jones + 
+ (4n + 6) (: Zon+1 — bn) = 0) (40) 


From (37) and (40) we can always determine 
Pon1 and (5,5 since the determinant D,= 


= 4(n +1) (n +2) ( +5) is different from zero. 


Thus the (n+1)!® set of coefficients can be 
determined when the previous sets are known 
and as the first set is known it follows that all 
coefficients in (18, 19) can be determined when 
e is given. If the series thus obtained converge 
uniformly the amplitudes in (17) are determin- 
ed. The proposition (21) is thereby proved. 

It will be assumed that ¢ is an analytic and 
regular function of the position on the sphere. 
It can be shown by means of Eqs. (7—11) that 
the other significant variables must then also 
be analytic, although not necessarily regular 
everywhere. (This point will be considered 
more closely in a later paragraph.) In special 
cases singularities may occur, whereby the 
variables become infinite for certain values of 
c, and no oscillation of the form W, is possible. 
Generally, however, all variables will be ana- 
lytic and regular, whence it follows that they 
can be expanded in convergent series of the 
form (18, 19) and determined by € as stated in 
proposition (21). 

It is important to note that the value thus 
found for z will generally not satisfy the 
boundary condition z=o for a=a,. We may 
affirm, therefore, that, if & is given as an 
analytic and regular function, an oscillation 
of the form (17) is generally not possible. 

Since the above considerations are based on 
the expansions (18, 19) derived from (16) it is 
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of interest to inquire whether the latter formula 
can yield expansions for the significant vari- 
ables other than (18, 19). 

The formula (16) can be applied not only 
to the functions x but also to other symmetric 
functions of the form y= Aye”. Applying the 
second part of (16) to y=x sin? c we are led 
back to series of the form (18) for A, (after 
deleting terms which are infinite for c=o). 
For y=x sin2"*1¢ the case is different. Consider 
for instance y=x sin c. Here A, takes the form 
(18) and consequently x takes the form 


= Si" ch heer. (41) 
It is possible to satisfy the equations (7 to 11) 
by expressions of this form (with x=p, «, 2, 
&, y) together with /=cos c (A, sin’c+ .. .)e”, 
but here the following important point should 
be noted. The x in (17) are analytic functions 
of b and c in all points of the sphere, whereas 
the x in (41) have a singularity for c=o. 
Considering for instance the term f= x, sin?c ei” 
2 
ar = 2x, cos 2ce”, which is discon- 


dc 

tinuous for c=o, changing its value from 
h=2x, e to —h, when b is replaced by (b +2). 
(Generally the function sinrc em is analytic 
for c=o when and only when (m+n) is an 
even number.) Although solutions like (41) 
are mathematically possible there is no reason 
to suppose that &, which determines the given 
heat supply, should have this form. It seems 
natural to assume that ¢ is analytic and regular 
everywhere, i.e. of the form (18), which leads 
to the same form for p, z, &, y. 


we have 


4. Forced oscillations of 12-hour period 


The most general oscillation of 12-hr. period 
rotating with the sun is obtained from Eqs. 
(14, 15) by discarding the terms with s=r. 
The simple oscillation W, is obtained by dis- 
carding all terms except those with s=2. In 
order to have symmetry with respect to the 
equator we further delete in (15) those Le- 
gendre functions which are asymmetric. We 
thus obtain 


x = LC Pony) + TE KP Pan (tt), 
oO 


te) 


(42) 


(x=p, a, z, €). 


PP THR ANE 


u 


(It is seen from (7) that y sin? c must have the 
same form as z, p and «). The asymmetric 
variable 0 might be expressed by a correspond- 
ing formula with asymmetric Legendre func- 
tions in the second part. 

Abbreviating these formulae we may write 
x=x,+a,c2", A=H,+aye” and from (13) 


p=, + Age”. The term 9, = gH (: = = sin? c 


causes a slight permanent modification of the 
static state so that, for instance, the static 
pressure will be (py+p,) instead of ps, etc. 
This modification is of secondary interest and 
will not be studied here. We put, therefore, 
g = Age” and consider only the timevariable 
part of (42) seeking solutions of (7 to 11) of 
the form 


y= aye, (y=p, % 2, & 9 M). (43) 


Writing the Legendre functions in the form 


Pi, (u) = 
= (1— pe?) (ky + kp? +. 2+ kur) 


and introducing this in (42), last term, we 
obtain 

dy = %, sin? c+ x, Siné c+... (44) 
(x=p, &, z, €). Since a,sin®c must have this 
form, we have 


dy = Yo + Wo sin? c+ Ya sintct+... 


(45) 


The form of ay is found from (8, 9, 10): 


ay = cos ¢ (A, sinc + 64 sin’ c+...) (46) 
It is of interest to note that, for c=o, Ay in 
(18) is zero, whereas ay in (45) is different from 
zero. The amplitude of linear velocity, ay sin c, 
is zero for c=o. 
We shall prove the following proposition: 


If e=ae" and p=Ae are given 
then the variables p, z, &, y, # of the form 
aye” which satisfy the equations of 
motion, the equation of continuity and the 
first law of thermodynamics, contain an 
arbitrary function f(a). 


Putting in (7 to 11) G;=o and p= 
I 
ae gH sin? c e2” according to (13) and hav- 
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ing regard to (44, 45, 46) we may write the 
equations (7, 8, 11) in the form 


co 


PA DUT sin2"+2¢ = 0, (i=1, 2, 4) (48) 
o 


while (9) and (10) have the form 


co 
cos ¢ Fon. Sin#+tic= 0, 
fe) 


> F® sin? ¢ = 0, 
(49) 
respectively. Starting with n=o we get: 
from (7) F = - 4022, - 4Q2aip, + 
+ MKps + LZ — 200% = 0, (so) 
from (8) FS = ( - 4022 + 2iQB) ayy + 
+ 42a2id, + 21 (app. + 972) -igH=0, (51) 
from (9) FR=(- 42? + 2iQB) ad, - 
— 427 a7 ip, + 2 (&pa +922) -gH=0, (52) 
from (10) FS? = ip) + 4, = 0, (53) 
from (11) FS? = €, — 212 (xpy%_ + &pPo) = 0. 
(54) 


It is seen that iF{? + F, =o is identical with (53) 
so that we have only four independent equa- 
tions. Introducing in (52) 6= —ip) we obtain 


I 
Copa +822 = 8H - Qa y. (ss) 
Differentiating this and introducing the ex- 
pression thus obtained into (50) we get 
49222, + CA + L00L2 = 


d 
= — 4Qaipy +27 (Bary). (56) 


If &, and y, are given the equations (54, 55, 56) 
determine pg, &, 22. The determinant of these 
equations is 


D; = —xRg (rs+£) +4Q2?RT,, (57) 
p 


which, like D, in (29), is different from zero 
when the atmosphere is statically stable. 

Thus the “first set” of coefficients (po, 22, 
Os, Os, Yo) is determined by (53, 54, 55, 56) 
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when & and y, are given. It will be shown that, 
when Vallisets: up tor thin? (SEN 
Pyn-1, Wan-2) are known then the (#+1)t" 
set is determined. The procedure is very similar 
to that given by Eqs. (34 to 40) and will be 
indicated briefly here. We use the five equa- 
tions 


(1) «2 
Fanta. Pis: Pons tn oe FR a= O. (58) 
It is easily verified that the equations 
i(n + 1) FO 9+ Fons1=0, FO=0 


always determine Yon, Mn:1 These being 
found, we derivate the third equation in (58) 
and introduce the expression thus obtained for 
(oP3n+1+2Z%an41) into the first. We obtain 


ER Benz il = 4.022? Zon 49 + XoPon+2 in 
+ LOoLon + 2 = Lense, (59) 


where L:,:2 is known. This equation together 
with Fonsi, F+2=0 determine pon+2, Zon+o, 
%an+2. Their determinant is D, (57). 

Thus the (n + r)th set has been determined by 
means of the previous sets, whence it follows 
that all coefficients in (44, 45, 46) can be 
found when &, y, and y, are given. y, = Yo(a) 
must be a small quantity. Apart from this 
condition y, may be chosen arbitrarily. Pro- 
position (47) is thereby proved. 

It is of interest to observe that the boundary 
condition z =o for a=a, can always be satisfied 
by a suitable choice of the function yyl(a) as | 
follows: 

Let ¢ and y, be analytic functions of a and c. 
We have seen that the “first set” (po, %2, Za, A, 
Wo) is determined by (wo, Yo, a, H). The second 
set is determined by the first set and its first 
derivatives and e,, i.e. by (Wo, Yo, Yo, Eas €2 
€,, H). Proceeding in this manner we find 
in the nth set for instance 


> / (n) ! 
Zan = fan (Vo; Vo» - - + Wo ‚E95 Eg, ++. 
aL 
li) 


The conditions z,,=0 for a=a, render an in- 
finite number of linear equations 
/ ( Pee 
En (Yoo: Woo » + - - vn) =M, 


where the subscript oo indicates the values for 
a=a, and the M, are known. If the constant 
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Woo is chosen arbitrarily, % is found from 
L,=M,, Yoo is found from L,=M, etc. Since 
we have 


LA I Ww 
Yo (a) = Poo + Poo (a — Ay) +5 Yoo (a EINE ae 


it is seen that y,(a) is determined, save for an 
arbitrary constant. 


5. Further remarks on the linear theory of 
the 24-hr. and the 12-hr. solar wave 


In the foregoing paragraphs we have sought 
particular solutions of the hydro-dynamical 
equations, of the form Aei"”, by direct inser- 
tion in the given system of first-order linear 
equations (7 to 11). An alternative procedure 
would be to base the theory on a linear partial 
differential equation of the second order, de- 
duced from the system (7 to 11) by suitable 
eliminations. This procedure presents certain 
features of interest which will be indicated 
briefly here. 

Let pe, % denote deviations from the equi- 
librium values of pressure and specific volume 
at a geometrical point P. At a certain moment 
a particle M(a, b, c) with pressure (py +p) is 
situated at P at the level (a+z), where the 
equilibrium values are py + poz, % +az. We 
then have 

P=Pet por, =e + az (60) 
Introducing these expressions in (7 to 11), 
putting G;=o and y=A,em, (y=p,, & 2, 
y, 4, &, @), we obtain a linear system from 
which it is possible to eliminate z, y, 4, a, 
whereby we obtain an equation of the form 


pe 


1 
1 da? 


Ppe 
ur: 


I? De 


) 
A PoA ed Are 
ac 2 Oa La 


7 e dE dE 
+ A, De + Ape By + By + Be + L(@) (61) 


where L(g) is a linear form in @ and its first 
and second derivatives. The coefticients of (61) 
are generally complex. It can be shown that 
we have 
4Q? 
Ay, = BF, - 42? cos? c, À, = | Sill ¢ COS ¢, 


I 
Ags = —— (KB — 423m sin? c) 


mQa (62) 
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where 


Bn= - m2 +18, K=g “in By — m2Q2 (63) 


(9) =potential temperature in the static state). 

It has been assumed that the given periodic 
heat supply, represented by €, is an analytic 
function of a and c. The right side of (61) is 
therefore analytic, and p, must be analytic. 
Since the other variables can be expressed as 
linear functions of p., y, € and their derivatives, 
they must all be analytic. Thus the statement in 
paragraph 3 is confirmed. 

It is further of interest to note that, in the 
case of no friction (6=o0) the coefficients of 
(61) are real. It can then be seen from (62) that 
the equation (61) is of the hyperbolic type 
when m=2 (12-hr. oscillation). When m=1 
(24-hr. oscillation) Eq. (61) is hyperbolic at 
low, elliptic at high latitudes, the latitudes of 
transition being very near to c=60°, c=120°. 


6. Relation between the 24-hr. and the 12- 


hr. solar wave. Non-linear equations 


In the following we shall start by considering 
the solutions (17) and (43) (W, and W,) o 
the equations (7 to 11) without regard to 
boundary conditions. The effect of the bounda- 
ries will be discussed at a later stage. 

In the previous paragraphs linearized equa- 
tions have been used to study each wave 
component separately. Although this method 
is useful for the study of small oscillations it 
cannot lead to a complete theory, however 
small the amplitudes may be. Important fea- 
tures of the motion are lost in the linear theory. 
For instance, a heat supply of the form q=A, 
sin (#+n,) means that the heat entering a unit 
mass during one half-period is completely 
rejected during the next half-period and no 
energy seems to be left to overcome friction. 
Nevertheless the equations yield a solution in 
the form of an undamped oscillation. This 
apparent contradiction is solved by noting that 
the loss of energy per unit mass and unit time 
due to friction is of the second order of 
magnitude. It does not appear in the linearized 
equations but it is included in the expressions 
G; of (7 to 11). 

Further, the linear theory can give no in- 
formation on the relation between the waves 
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W, and W,, although a relation obviously 
must exist. 

In the following the second-order terms G; 
in (7 to 11) will be taken into account. They 
contain a great number of product-terms, 
which it is unnecessary to write out here. For 
the purpose in hand it will suffice to know the 
form of the G.. 

The values of the significant variables found 
in the previous paragraphs may be considered 
as a first approximation to the correct values, 
which may be written: 

eax) +x, (x= p, a, z, y, 4e) (64) 
where the x are the values satisfying the 
linearized equations, while the x@) are “correc- 
tions” of the second order of magnitude. It is 
immediately apparent that every product-term 
containing a quantity x(2 is of the third (or 
higher) order of magnitude. For instance 

a =p) + third-order terms. If we neglect 
third-order terms, the G; may thus be con- 
sidered as depending only on the x“ and their 
derivatives. 

In connection with the linearized equations 
we have used complex variables for con- 
venience. When treating product-terms we 
must revert to real variables. Considering the 
24-hr. oscillation W, we may then write 
xD =B, cos »+C, sin », whence it follows 
that the G;, being sums of product-terms have 
the form: 


G;= H;+M;cos2v+N;sin2v, (65) 
where the coefficients are functions of a and c 
which can be computed if the x“) have been 
determined. 

Writing the equations (7 to 11) in the 
abbreviated form L;=G; (i=1, 2, 3, 4, 5) and 
introducing x =x) +x@, (x=p, «, z, y, 4, e), 
we may write L;=_L{ + L{?, where Lj” denotes 
the expressions on the left of the equations 
with p® , «@...«) in the place of p, «...€ 
and L® the corresponding expressions with 
p®, a... 22. (Li? does not contain y.) 
According to the definition of the first-order 
variables x we have L{? =o, and consequently 
in virtue of (65): 


L® = H;+M; cos 2»+N;sin 2v. (66) 


In (7 to 11) the individual terms on the left 
side were of the first-order of magnitude. 
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Replacing p, &«...e by p®, a... e@ we 
have obtained the system (66) where each 
term is of the second order. 

At first thought one might expect all the 
variables x) in (66) to be of the same form as 
the expressions on the right. However, this 
would not satisfy the second equation. The 
equations (66) can be satisfied by putting: 


py) = kyt +hy + my Cos 2v + ny sin 2 | 


| (67) 


D) 1, Si 
y = hy + my cos 2v +n, sin 2v 


(y=p, % 2 @ €) 


where the coefficients are functions of a and c. 
The periodic and the non-periodic part of (67) 
can be found separately. If we replace in (7 to 
(1x) p by kyt+hy and (p, a... €) by (hp, . .. he) 
and delete the periodic part of the G; we 
obtain a special case of the system (66). We 
write here only the first of the five equations: 


dh, 
da 


2Qa sin? chy + oo D + g — L0 ha = Hy. (68 


It can be shown from Eq. (1) that, owing te 
the symmetry of the oscillation, the quantities 
Hy, 9 > must be of the’form f (sim Z) =a, 
sin c+agsin?c+ ... and H, of the form cos c 
f (sin c). Correspondingly we can find hy in 
the latter form and the other variables in the 
form f(sin c). 

The non-periodic terms kyt, hy may be con- 
sidered as permanent modifications of the static 
state. Thus the pressure will be p,+p,+h,, 
where p, (defined in paragraph 4) is of the 
first order, h, of the second order of magnitude. 
The rotation velocity of the atmosphere will 
be Q+k,. On this modified static state the 
oscillations of first and second order are super- 
posed. 

Turning now to the periodic part of the 
solution we neglect in (67) the terms kyt, hy, hy 
and delete in (66) the terms H;. We then have 
a forced oscillation of 12-hour period. Again 
itis convenient to write the periodic solution 
in the complex form m,e?” and the right 
side of (66) in the form M;e?”, where m, and 
M; are complex. 

In the general case the “heat function” has 
the form 


e= AV ei + (as + al) e2 + he (69) 
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where the indices (1), (2) indicate the order of 
magnitude. (The amplitudes are complex, 
h2=h, is real.) It is of interest to consider the 
following particular case 


(70) 


Even in this case we generally have Mj, Ni, 
M; #0 and the equations (66) still render a 
forced 12-hr. oscillation which vanishes only 
in the case A= o. Thus the heat supply of 
24-hr. period (70) generates a 12-hr. oscillation 
of the second order. (A similar phenomenon is 
known from tidal theory where a tidegenerat- 
ing force of 12-hr. period generates both a 
12-hr. and a 6-hr. wave.) 

It is important to note that h. cannot be 
given arbitrarily but is determined by AK. 
If we introduce in Eq. (5) P=po +p +p, 
S=a) +a +a), the equation may be written 
(neglecting third-order terms): 


e= Ae? +h., and y=o. 


L® = xp) g + a) p (1), 


Introducing the real values p“) = D, sin (» + Mp), 
a(t) = D), sin (v+n.) we get 


LY = OD,D. E (% — 1) sin (mp — Ne) + 


+= (x +1) sin (27+ mp + | 
and we thus have 


(71) 


h, = i, == (4 - 1)QD,Dz sin (ny — Ma). 


D,, Dz are determined by A% according to 
(47). The corresponding heat supply per unit 
mass and unit time q =h./(% — 1) is the source 
of energy which is necessary to maintain the 
undamped oscillation against friction. We note 
that we cannot have 7,=7 everywhere, since 
no energy would then be available. Pressure 
and density must therefore be out of phase, at 
least in the lower layers. This is connected with 
a lag of phase with height, which is an important 
feature, as shown by J. BJERKNES (1948) for the 
wave Wa. 

We shall now consider the boundary condi- 
" tions. A heat supply of the form (69) must 
generate some kind of wave motion in the 
model atmosphere. At first thought one might 
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expect this motion to be of the simple form 
W,+W,. However, this cannot be the case, 
since W, has been found to be incompatible 
with the boundary condition at the ground. 
The motion that actually takes place cannot 
be computed by the method described in the 
foregoing paragraphs. What probably happens 
is that the first term in (69) tends to create the 
wave of the. form W,, but that this breaks 
down and the resulting motions of the particles 
interact in such a manner as to strengthen the 
component W,, the available energy determin- 
ed by h, being transferred from W, to W2. 

If second-order terms are neglected the air 
particles in a simple wave of the form W or 
W, have elliptic orbits. In W,, for instance, 
the horizontal linear displacements of a particle 
would be of the form 


a sin c-y = A® cos » + AS’ sin», 


aô= BY cos v + BS sin v. 


Taking the case (70) and including in the solu- 
tion the second-order terms of 12-hr. period 
obtained from (66) we get 


a sincy = Al’ cos » + AY sin y + 


+ A® cos 2y + AP sin 2», 


and a similar expression for af, and the orbit 
becomes a slightly deformed ellipse as indicated 
in Fig. 2a). 

An oscillation set up by the heat supply (70) 
far away from the earth’s surface would have 
orbits like Fig. 2a). We have seen, however, 
that such an oscillation is incompatible with 
the boundary condition at the ground. It seems 
possible that this may cause the flow of energy 
to be diverted to the second-order part of the 
oscillation (of 12-hr. period). This would cause 
the orbit to take a form like Fig. 2b) or even 2c) 
which is very close to a pure 12-hr. oscillation 
(the particle passing from A to B during 12 
hours and continuing from B to A in the 
following 12 hours). In this process of transi- 
tion the equations (66) would cease to be valid, 
since the 12-hr. component would no longer 
be of the second order of magnitude, and a 
mathematical treatment would have to revert 
to the general non-linear equations (3, 4, 5). 

The 12-hr. oscillation of the case (70) would 
of course be further amplified in the case (69) 
by the second part of ¢ and by the potential y, 
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(c) 


Fig. 2. Paths of an air particle in the oscillation W= W, + W,. 


but these terms are small and cannot alone 
account for the predominance of W, (save 
for the case of a high degree of selective res- 
onance). 

During 24 hours a flow of heat passes 
through the air masses, each particle absorbing 
heat during one half-period and rejecting heat 
during the following half-period. The hypo- 
thetical diversion of the heat flow in such a 
manner as to increase the loop of the particle 
orbits may be illustrated roughly by a simple 
mechanical model shown in Fig. 3. 

A fluid is circulating in a closed system of 
tubes situated in a vertical plane. The part ABC 
is heated while the rest is cooled. The motion 
indicated by the arrows is stationary and main- 
tains a constant flow of heat from the warm to 
the cold source. The arrangement is such that a 
particle making the big circuit BCEFB com- 
pletes this in the time fy, while a particle making 
the small circuit ABCDA takes the time 1/2 fp. 
Suppose now that the big circulation is partly 
hindered, for instance by an obstacle in the 
tube EF. The warm and cold sources being 
unaltered, the small circulation must then be 


accelerated, and if its circulation time shall 
remain equal to 1/2 f, the tube AD must be 
moved to a position A’D’. Thus the small 
circuit gains importance relative to the big 
circuit. 

Although the analogy between the systems 
of Fig. 2 and Fig. 3 is obviously incomplete it 
indicates the possibility of an increase of the 
loop in Fig. 2 because the “big circuit” of 
Fig. 2a) is hindered by the boundary condition, 
while no such hindrance prevents the develop- 
ment of the 12-hr. wave causing the loop in 


Eie..2b),.e): 
7. The upper boundary condition 


In the model atmosphere we may envisage 
three main possibilities as regards the upper 
boundary condition, namely (i) infinite exten- 
sion of the atmosphere, (ii) a rigid spherical 
upper boundary, (iii) a free surface. 

Let us consider first the infinite model 
atmosphere. Let S, denote a sphere, concentric 
with the earth, with radius a=a, chosen such 
that all wave-generating sources are inside S, 
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Fig. 3. Circulating fluid. 
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and that the atmosphere outside S, does not 
take part in the earth’s rotation. In the outer 
atmosphere the density is 


where R is the gas constant, o and T' density 
and temperature. Their values at S, are @,, 
T,. g is proportional to a. If T > T, > 0 the 
integral remains finite when a> ~, and there- 
fore we have 0 > 0, > 0 (T, and 0, constants). 
We may assume for simplicity that 9 approaches 
a constant value. It is known that, in waves 
propagating outwards from a centre in a homo- 
geneous medium the particles have a veloci 
amplitude proportional to 1/a e*#(k real con- 
stant), thus approaching zero when ao. It 
may be concluded that, whatever the wave- 
generating energy sources inside S, may be, 
the waves propagating into the outer atmos- 
phere will always satisfy the boundary condi- 
tion at infinity. The oscillation W, will, there- 
fore, always be possible in this case. 

Let us next consider the cases (ii) and (iii) 
of a finite atmosphere. We have seen from the 
linear theory of paragraph 4 that, if ¢ is given 
arbitrarily in the form a,c”, the oscillation W, 
is determined by the fundamental equations 
and the lower boundary condition. The bound- 
ary condition at the upper rigid or free surface 
will therefore generally not be satisfied. This 
result seems to conflict with the classical theory 
of tides in a homogeneous incompressible 
ocean where the conditions at the lower and 
upper boundary can always be satisfied. The 
reason for this discrepancy may be seen by 
applying the equations (7 to 11) to the latter 
case. We then put &,=const., %=0 and re- 
place Eq. (11) by «=o. The classical theory is 
quasistatic, which entails the deletion of the 
two first terms in (7). Frictional terms are also 
deleted. Accordingly the equation (54) is re- 
placed by &,=o and the two first terms of 
(50) are deleted. The system (50 to 54) with 
B=o then reduces to the following four equa- 


: I ? 
tions apo +822 =0, %P2+g22=>gH, mh, 


%=0. Here we may choose both y,(a) and 
2(a) arbitrarily. With two arbitrary functions 
we can satisfy both boundary conditions. It is 
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of interest to note that this result depends on 
the quasistatic approximation, which has not 
been applied in the above study of W and W.. 

Turning now from the model to the real 
atmosphere we meet with two main difficulties 
in determining the boundary condition at the 
upper limit. One difficulty is that of taking 
account of the physical conditions which pre- 
vail in the upper regions and the other is due 
to the great particle velocities which the oscilla- 
tion causes there. As regards the latter PEKERIS 
(1951) has pointed out that the linearized 
theory of atmospheric oscillations ceases to be 
valid at heights greater than 80 to 100 kilo- 
metres because at those heights it is no longer 
permissible to neglect the terms which are 
quadratic in the velocities. 

It seems then that the above considerations 
concerning the upper boundary condition in the 
model atmosphere cannot be applied to the real 
atmosphere, for which no satisfactory mathe- 
matical treatment of the upper boundary condi- 
tion seems to be possible at present. 

Wilkes has pointed out that, owing to molec- 
ular viscosity and molecular thermal conduc- 
tivity, one must think of the air at high level 
(120 km) as having distinctly sticky properties 
as far as large-scale oscillations of long period 
are concerned, so that any oscillatory energy 
which finds its way up to these heights will be 
degraded to heat. On the other hand he has 
shown that the greater part of the energy in 
the oscillation W, is probably reflected before 
reaching this height. These results seem to indi- 
cate that the upper boundary condition may 
be a condition intermediate between that of the 
infinite and that of the finite model atmosphere. 


8. Concluding remarks 


The theory of the solar waves considered 
here is incomplete. The main obstacles in the 
way of a satisfactory theory seem to be the 
mathematical difficulties involved in the appli- 
cation of non-linear forms of the hydrodynami- 
cal equations, and difficulties associated with 
the upper boundary condition. In reference to 
the latter point it is of interest to observe that 
the propositions (21) and (47) are independent 
of the upper boundary condition. Further they 
are independent of assumptions concerning re- 
sonance. In any case the formation of the 
semidiurnal wave W, is favoured at the expense 
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of the diurnal wave W.. If, in addition, there 
exists a free oscillation with a period not far 
from 12 hours, this will contribute to the 
growth of W,. It may not, however, be 
necessary to assume a very high degree of 
selective resonance. 
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The Break Down of Zonal Circulation during the Period January 
8 to 13, 1956, the Characteristics of Temperature Field and Tropo- 
pause and its Relation to the Atmospheric Field of Motion’ 


By FRIEDRICH DEFANT? and HESSAM TABA, International Meteorological Institute in Stockholm 


(Manuscript received January 28, 1958) 


Abstract 


I. An introductory outline of earlier work (Fr. DEFANT and H. TABA, 1957, 1958, 1958) 
on hemispheric changes in the type of General Circulation by means of tropopause maps is 
presented to make the reader familiar with the main features of tropopause and its intimate 
relation to the main windcores of the westerlies. The prehistory of the period from Jan. 8 to 13, 
1956, which we studied in this paper, is described in detail. 

II. Tropopause maps for each day (Jan. 8 to 13, 1956) are presented. By means of these maps 
it was shown, how the zonal type of Circulation (zonal with respect to a zonal polarfront jet) 
changes during this period into a meridional (meandering) type. The behaviour of subtropical 
jet (in a characteristic way different from that of polarfront jet) is simultaneously discussed. 

III. A selection of soundings with respect to the breaklines in the tropopause level or according 
to the location of the belts of maximum wind of the westerlies was made for each day. Different 
characteristic groups of soundings (different with respect to the total vertical temperature 
distribution and the form as well as the height of tropopause) are discussed and characteristic 
mean soundings for each group are computed. 

IV. A computation of standard deviation of the individual vertical temperature distributions 
from the mean one for each group is presented. An important conservatism of the sounding 
type in each group is shown. 

Meridional temperature differences between different groups inform the reader about the 
possible locations of baroclinity in tropo- and stratosphere. 

V. A statistical investigation of tropopause level by use of 2,513 atmospheric soundings from 
Jan. 1 to 13, 1956 is presented. The structure of tropopause is discussed. 

VI. A synoptic vertical cross section clarifies the relationship between subtropical break in the 
tropopause level and the existence of the subtropical jet. Important aspects of form of subtropical 


jet are outlined. 


I. Introduction 


In three different papers (DEFANT, Fr. and 
Tana, H., 1957) the authors investigated large- 
scale developments in the General Circulation 
by means of hemispheric maps of tropopause 


1 This article summarizes part of the results of investiga- 
tions on the General Circulation, especially with reference 
to the upper layers of the atmosphere. 

(Air Research and Development Command, USAF, 
Contract AF 61 (514)—963, through the European 
Office, ARDC). 


height and tropopause temperature. A complete 
and rather careful inspection of the total radio- 
sonde material of the Northern Hemisphere 
with respect to the total vertical structure of 
the soundings was made. 

It was found that the tropopause is not a 
continuous surface between the equatorial and 
the polar region in the atmosphere as it has 


* Tit. Prof. and docent at the University of Innsbruck, 
Austria. Leiter der Wetterdienststelle Innsbruck der Zen- 
tralanstalt fiir Meteorologie und Geodynamik, Wien. 
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mostly been thought in meteorology so far. 
On the contrary three different tropopause 
levels could be distinguished appearing in dif- 
ferent parts of the atmosphere. 

From the equator northward to approxi- 
mately the 30° parallel the so-called tropical tro po- 
pause can be found in the winter season gener- 
ally at a height of 80 to 100 mb (17.5 to 16 
km) and with a slow decline from the equator 
to 30° N latitude circle. But from there north- 
ward the tropical tropopause lifts its level and 
gradually disappears. 

In low latitude soundings possessing the 
single and pronounced tropical tropopause near 
90 mb the gradual decrease in temperature with 
height appears to be interrupted in the middle 
layers of the troposphere (at about 350 to 250 
mb) by a layer of small vertical extent showing 
either a slight inversion or isothermy. Mostly, 
however, only a change in the uniform lapse 
rate appears, so that the upper tropospheric 
part of low latitude soundings possesses a ste- 
eper lapse rate than the lower one. This dis- 
continuity in the uniform lapse rate should not 
be called a tropopause, because of the further 
decrease of temperature upwards and because 
of the existence of the tropical tropopause 
near 90 mb. This break in the continuous 
lapse rate of the low latitude soundings lifts 
somewhat and becomes a pronounced tropo- 
pause near the 200 mb level (12 km), when we 
approach the region near latitude circle 30° N. 
From there northward this lower tropopause 
level continues to exist and, while the tropical 
tropopause lifts and gradually loses identity 
in the higher stratosphere, the lower one be- 
comes the dominant and only tropopause over 
mid latitudes. It lowers only gradually its level 
from 200 mb (12 km) near 30° N down to 
approximately 240 mb (11 km). This height 
seems to be characteristic for this tropopause 
level in mid latitude soundings and we called 
this tropopause therefore the middle tropopause. 

From these results it is obvious that a layer 
with a vertical extent of about 5 km exists near 
30° N, where the tropical and the middle tropo- 
pause overlap (subtropical breakline in the 
tropopause level). By means of this layer from 
200 mb up to 90 mb (12 to 17 km) the higher 
part of the tropical troposphere is directly 
connected with the stratosphere of mid lati- 
tudes. This subtropical tropopause break allows 
a direct horizontal exchange of air between 
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tropo- and stratosphere and is therefore of 
utmost importance. 

Immediately below the lower tropopause 
near 30° N a core of the maximum westerlies 
is found, already earlier in literature referred to 
as the subtropical jet stream. An intimate rela- 
tion exists between this doublefold tropopause 
structure and the existence of this special jet 
phenomenon of the westerlies observed in 
soundings near 30° N. 

The middle tropopause descends more rapidly 
at some northern latitude down to approxi- 
mately 270—290 mb (10 to 9.5 km). There 
one can observe in the wind field of the wester- 
lies the existence of the polar front jet stream 
near to the 300 mb level. North of this second 
wind maximum in the westerlies the tropo- 
pause level was observed again in lower alti- 
tudes (lower than 300 mb) (polar tropopause 
level). Therefore a further break in the tropo- 
pause level appears in connection with the 
polar front jet. This break does not have so 
much vertical extent as the subtropical one 
and is mostly only of 2 km vertical extent. 
The density of our radiosonde network does 
not allow a clear decision, whether the tropo- 
pause in the polar jet region is a continuous one 
Just above or even through the jet core, but 
there is at least a pointwise evidence that 
soundings which hit the polar jet core do not 
show any tropopause at all. They rather show 
a continuous decrease of temperature with 
height from the troposphere upwards into the 
stratosphere. There are also cases with rather 
complicated discontinuities in the vertical tem- 
perature distribution. Here we again want to 
comment that polar jet soundings also show 
breaks in lapse rate due to intersections with 
the upper boundaries of the polar front surface 
and therefore such breaks in lapse rate can 
easily be misinterpreted as a tropopause. It 
depends very much on the exact location of the 
soundings relative to the polar front jet core. 
The complicated structure of this special kind 
of soundings makes it rather hard to fix the 
tropopause, if there exists at all a tropopause in 
or just above the polar jet core. 

In the polar region, north of polar jet, the 
tropopause level is no more restricted to a 
certain preferred height, but is always found 
to exist in levels lower than 300 mb (9 km). 
It seems from our study that in some distance 
(about 5 or 10° of latitude north of the polar 
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jet) the polar tropopause is lowest. In connec- 
tion with the meandering structure of the 
polar jet we can clearly follow a ring-shaped 
depression of the polar tropopause around the 
earth. In the winter season, which we have 
studied, the polar tropopause can be realized 
in this ring-shaped tropopause valley as low 
as 370 to 450 mb (8 to 6 km). Only in polar 
vortices and in addition in cut-off lows of 
polar origin appearing frequently over much 
more southern latitudes, the polar tropopause 
drops down to extreme altitudes (near soo mb). 

The sparsity of the data in the northernmost 
part of the earth from latitude 75° N to the 
pole does not allow a definite description of 
tropopause conditions. But there is at least 
an indication that the tropopause level rises 
again to higher elevations (sometimes even as 
high as 230 mb or 11 km). There are, however, 
occasions when no tropopause exists in the 
northernmost soundings of the world and a 
continuous decrease of temperature may be 
noticed from the troposphere upwards into 
the stratosphere. There are other occasions 
when the polar tropopause lowers continuously 
its level from the polar front jet location to 
extremely low heights at the pole, mostly 
when a pronounced polar cyclonic vortex 
exists. Otherwise the high polar tropopause or 
even the non-existence of a tropopause over 
the polar cap is frequently combined with the 
presence of a strong and deep anticyclone over 
the polar region. 

Summarizing these results we stress again 
the important fact of a threefold structure of 
the tropopause level in the winter season. 
Starting from this threefold distinction in the 
tropopause level we have shown in one of our 
previous papers (DEFANT, Fr. and Tana, H., 
1957), that a mean geographical location of 
the different tropopause levels is only a simpli- 
fied average picture. In general one might 
agree in restricting the tropical tropopause to 
the region between equator and 30° N, the 
middle one to the mid latitude belt and the 
polar one to the northern latitudes, but as we 
pointed out earlier and in our previous papers, 
the breaks or breaklines in the tropopause 
go parallel with the main maxima of the 
westerlies and therefore the meandering be- 
haviour of the jets decides about the location 
and latitudinal distribution of the different 
tropopause levels. 
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In the period from January 1 to January 7, 
1956 we were able to demonstrate that the 
high tropical tropopause, which in the mean 
is located over the region south of latitude 
30° N, sometimes in connection with strong 
meandering behaviour of the subtropical jet 
stream shifts northward towards middle and 
higher latitudes and appears on top of large 
and deep anticyclonic vortices gradually form- 
ing over these latitudes. The identity of such 
subtropical intrusions in its northward motion 
towards middle and higher latitudes could be 
followed from day to day on synoptic maps 
quite definitely. It was further shown that 
these intrusions from the tropical-subtropical 
regions appeared simultaneously during the 
period in question in different parts of the 
world. On January, 7, 1956 several of such 
features existed over middle and higher lati- 
tudes, whereby the region characterized earlier 
by the existence of a middle tropopause level 
diminished and nearly disappeared. In this case 
the high tropical tropopause level could be 
observed opposite the low polar tropopause. 
Naturally the tropical tropopause in such 
northward shifts did not hold its high altitude 
for a considerable long time, but adjusted itself 
at a somewhat lower level over middle and 
higher latitudes, but this level was well above 
200 mb (near 175 mb), which is still a rather 
unusually high tropopause for these latitudes. 

These subtropical impulses, from which each 
one was connected with the formation of 
extensive blocking anticyclones over mid lati- 
tudes, had strong effect on the structure and 
location of the polar jet. The polar cold air 
and the region with a polar tropopause level 
was restricted to rather northern latitudes 
(mostly north of latitude 60° N) with the 
exception of the more permanent southward 
extension of polar air over Eastern Asia (perma- 
nent trough). The polar front jet lost its 
meandering structure, which was present on 
January 1, 1956, and took on a more zonal 
form in northern latitudes (zonal circulation 
type). At the same time branches of the sub- 
tropical jet surround the different blocking 
anticyclones and come close to the polar front 
jet in some regions of the earth or even super- 
impose the polar jet maximum. 

These places, in which the pure polar air 
north of polar jet stands next to the pure 
subtropical air inside the large blocking anti- 
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cyclones and for which most of the meridional 
temperature contrast between 30 and 60°N 
appears to be concentrated in a small latitudinal 
interval of 5 to 10° lat. are of much interest. 
Here a steeply inclined polar front surface 
separates subtropical from polar air in the 
troposphere and almost no air of the inter- 
mediate type (middle air) seems to be present. 
But also in the higher layers of the atmosphere 
a steeply inclined tropopause (with an opposite 
inclination relative to that of the polar front) 
separates the higher and extremely cold portions 
of the subtropical blocking anticyclones from 
relatively warmer air of the polar stratosphere 
in a frontlike manner. Extremely high wind 
velocities from 150 to 200 km are present. A 
vertical study of this wind field shows either 
two jet maxima (polar front jet and subtropical 
branch) close to each other, but in different 
heights (300 mb, resp. 200 mb), or even on 
top of each other (DEFANT, Fr. and Tasa, H., 
1957), see also Fr. DEFANT (1958). 

We have mentioned several reasons why 
we expect these regions to be favourable for 
exceptionally strong cyclogenesis followed 
later on by a complete breakdown of the zonal 
circulation type. This type of vertical structure 
of the atmosphere does not seem to be a 
hydrodynamic stable one, especially not in 
such regions with the above described features 
of baroclinicity of a double kind. The zonal 
polarfront jet in combination with a meander- 
ing subtropical one represents a critical stage, 
which tends towards equalization of existing 
contrasts or tends towards cyclogenesis and 
breakdown of the zonal form of polar jet in 
form of polar outbreaks of cold air. As a 
consequence the polar jet takes on a meander- 
ing form and the subtropical jet readjusts at its 
normal position at latitude 30° N losing all 
meandering structure and reassumes its normal 
zonal character. 

It is the purpose of this paper to present 
another series of tropopause analyses for the 
period January 8 to January 13, 1956 to dem- 
onstrate how the zonal type of circulation 
(zonal with respect to a zonal form of the polar 
front jet) of January 7 was destroyed and was 
changed. into a meridional type of circulation, 
which is the more frequent type over mid 
latitudes. On January 13, 1956 such a merid- 
ional type of circulation seemed to be re- 
established, characterized by a meandering 
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polarfront jet well separated from the more 
zonal subtropical jet stream, which then has 
formed again near latitude circle 30°N in 
almost all the northern hemisphere. Subtropical 
intrusions of the type described in form of 
strong anticyclonic vortices, containing pure 
subtropical warm air, having on top, however, 
rather cold air near the unusual high tropo- 
pause, gradually disappear from their unusual 
position in northern latitudes. They lose slowly 
their identity and characteristic features and 
the air masses in the troposphere transform 
into the normal type of mixed or middle air 
covering then the space between polar front 
and subtropical jet. The reestablishment of a 
region with middle air and middle tropopause 
gives rise to a complete separation of the main 
westwind maxima of the westerlies. Similarly 
to January 1, the tropopause map of January 
13 shows the normal threefold structure in the 
tropopause level described before. 


II. Tropopause maps of January 8 to January 
13, 1956 and description of the breakdown 
of the zonal circulation type 


Referring to our hemispheric tropopause 
analysis of January 7, 1956 (DEFANT, Fr. and 
TABA, H., 1957), p. 240, it was pointed out 
that in many regions of the world polar front 
jet and subtropical jet branches were close 
together and critical conditions in the sense of 
the foregoing discussion were present. This 
was particularly true for the region southwest 
of Iceland in the Atlantic Ocean and at the 
Aleutian Islands in the North Pacific. In these 
regions already cyclogenesis happened and the 
zonal circulation type started to break down. 
On the tropopause map of January 8, 1956 
(Fig. 1) we already notice trough-formations 
in the polar breakline of tropopause height 
due to this first outbreak of polar air from 
the polar region (over the North Sea and 
Great Britain and south of Alaska). However, 
in the Mid-Atlantic strong anticyclonic condi- 
tions with an abnormally high tropopause 
continue to exist. Under the influence of these 
first polar outbreaks penetrating south-east- 
ward over Great Britain towards Central 
Europe, the large anticyclone over the Atlantic 
already starts to move westward and breaks up 
into separate anticyclonic cells. This preliminar 
activity at the polar front continues on January 
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Fig. 1. Hemispheric map of tropopause level (in mb) for Jan. 8, 1956, 0300Z. Breaklines of tropopause level are 
shown by a concentration of isolines. (For each station tropopause height in mb (three figures) and tropopause 
temperature in °C (two figures) are plotted. Minus sign for temperatures omitted.) 


9 (Fig. 2). Over the Mid-Atlantic southwest 
of Iceland crititical conditions prevail and one 
may already visualize the formation of a new 
cold wave developing in the region between 
Iceland and Southern Greenland. A rather 
spectacular cyclogenesis can be observed in the 
surface maps of the 9th, 0000Z, 0300Z and 
0600Z. Similar to this activity in the Atlantic 
Ocean cold outbreaks are also in progress over 
Alaska. On January 10, 1956 (Fig. 3) the rapid 
breakdown of the zonal circulation type in 


both regions is clearly evident. In the Atlantic 
Ocean the polar breakline in the tropopause 
height has moved southward across the 50° 
parallel. This rather strong outbreak of polar 
cold air in the rear of the above mentioned 
well developed cyclone (62 mb pressure fall in 
20 hours) definitely ended the anticyclonic 
conditions in this area. One part of the anti- 
cyclone can be seen over Northern Spain and 
the other one continued to move westward 
and appears over New Foundland. Similarly 
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Fig. 2. Hemispheric map of tropopause level (in mb) for Jan. 9, 1956, 0300Z. Breaklines of tropopause level are 
shown by a concentration of isolines. (For each station tropopause height in mb (three figures) and tropopause 
temperature in °C (two figures) are plotted. Minus sign for temperatures omitted.) 


the trough over Alaska became more pro- 
nounced and a progress of the polar jet in 
southern direction is equally evident in the 
Northern Pacific. 

The tropopause map of January 10 indicates 
a meandering pattern consisting of three princi- 
ple long waves in the polar breakline of tropo- 
pause height or what is the same, in the form of 
polar front jet, if one does not consider the 
vortex northeast of the Florida Peninsula, which 
according to the soundings consists only of a 
Tellus X (1958), 4 


shallow layer of polar air. This three-wave 
pattern could be seen more clearly in the 500 
mb chart of January 10. We feel therefore 
justified to state that during the three days in 
question, the almost zonal circulation type 
present on January 7 consisting of a zonal 
polar front jet and a strongly meandering 
subtropical jet, transformed into the opposite 
meridional type of circulation with a meander- 
ing polar front jet and three long waves of 120° 
wavelength of pronounced amplitude on Janu- 
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Fig. 3. Hemispheric map of tropopause level (in mb) for Jan. 10, 1956, 03002. Breaklines of tropopause level are 
shown by a concentration of isolines. (For each station tropopause height in m b (three figures) and tropopause 
temperature in °C (two figures) are plotted. Minus sign for temperatures omitted.) 


ary 10, 1956. The subtropical jet has in the 
meantime reestablished itself at its normal posi- 
tion near latitude circle 30° N and only minor 
fluctuations disturb its almost zonal character. 

There are other interesting features to be 
discussed on Fig. 1, 2 and 3. Over the North 
Pole itself higher tropopause values can be 
seen and the temperatures at the polar tropo- 
pause and higher up in the polar stratosphere 
are extremely low (almost as low as in the 
equatorial high stratosphere). Following each 


outbreak a tongue of this high polar tropopause 
level extends southward in the rear of the tone 
oping surface cyclone showing very cold tropo- 
pause temperatures. This is clearly to be seen 
on January 9 and 10 between Greenland and 
Norway over the North Sea. It indicates well 
the outflow of extreme cold polar air from 
the polar region southward. 

During this period the trough over Eastern 
Asia seems to have undergone a similar deepen- 
ing and in the Japanese region an immensely 
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Fig. 4. Hemispheric map of tropopause level (in mb) for Jan."11, 1956, 0300Z. Breaklines of tropopause level are 
shown by a concentration of isolines. (For each station tropopause height in?mb (three figures) and tropopause 


temperature in °C (two figures) are plotted. Minus sign for temperatures omitted.)  .: 


strong gradient of the tropopause level appears, 
which indicates that polar front and subtropical 
jet are almost superimposed. This condition 
was not at all present during the period from 
January 1 to 7, which was a period of establish- 
ment of a zonal circulation type, opposite to a 
breakdown period, which we discuss now. 
Gradually areas with a rather high sub- 
tropical tropopause disappear over the mid 
latitude belt and soundings between the almost 
zonal subtropical jet and the strongly meander- 
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ing polar front jet show more and more the 
character of middle soundings (according to 
our} definition given in our previous papers 
(DEFANT, Fr. and Taba, H., 1957). Therefore 
one may say that subtropical impulses dis- 
appear in mid latitudes and finally the two 
main westwind maxima of the westerlies are 
separeted during this period by a large area 
with a middle tropopause level. The threefold 
structure of the tropopause level seems to be 


reestablished. 
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Fig. 5. Hemispheric map of tropopause level (in mb) for Jan. 12, 1956, 0300Z. Breaklines of tropopause level are 
shown by a concentration of isolines. (For each station tropopause height in mb (three figures) and tropopause 
temperature in °C (two figures) are plotted. Minus sign for temperatures omitted.) 


Continuing the discussion with the tropo- 
pause maps of January 11 to 13 (Fig. 4, 5 and 6) 
we have little more to add, because the zonal 
structure of the subtropical jet continues during 
these days unaltered and even minor fluctua- 
tions disappear. However, the activity at the 
northern breakline of the tropopause height 
or of the polar front jet endures. The meander- 
ing pattern becomes more pronounced and a 
new long wave is formed over Eastern Canada 
to be seen on the tropopause map of January 


12. There seems to be also an indication of a 
similar long wave formation northeast of Japan 
and south of the Sachalin Peninsula. Each of 
these newly developing long waves are con- 
nected with cyclogenesis of normal intensity 
at the polar front and are examples of long 
wave formations due to growing short waves. 
The $00 mb maps of January 12 and 13 show 
no more just three long waves around the 
earth, but one would rather count five or six. 
From theoretical reasoning one has already 
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Fig. 6. Hemispheric map of tropopause level (in mb) for Jan. 13, 1956, 0300Z. Breaklines of tropopause level are 
shown by a concentration of isolines. (For each station tropopause height in mb (three figures) and tropopause 
temperature in °C (two figures) are plotted. Minus sign for temperatures omitted.) 


concluded that during a period of intensifica- 
tion of meridional circulation and during a 
joint slow-down of zonal motion the number 
of long waves increases and the wave length 
shortens. 
III. Presentation of different types of tem- 
perature soundings of January 8 to 13, 1956 
A careful selection of soundings according 


to their location with respect to the main 
westwind maxima of the westerlies or accord- 
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ing to the breaklines in the tropopause level 
has been made for the period in question. The 
principles applied for this selection were the 
same as described in our previous papers 
(DEFANT, Fr. and Tana, H., 1957). The follow- 
ing selection in the sounding type was made: 

Group I: Soundings of the polar cap (sound- 
ings between 75°N and the pole). These 
soundings mostly possess in the lower tropo- 
sphere a temperature structure characteristic for 
polar soundings. Strong surface inversions ap- 
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pear in this period, because of the anticyclonic 
conditions over the polar region. No definite 
tropopause level or isothermal structure could 
be found, but rather a gradual decrease of 
temperature continues upwards into the strato- 
sphere. In the higher stratospheric layers tem- 
peratures of about —75° C and lower are 
observed. There are no indications of a tem- 
perature increase in the very high stratosphere 
even in extreme high ascents (see Fig. 7, Group 
1). We have separated these soundings from 
the polar ones, because of their different con- 
struction in the stratosphere and because of the 
fact that no definite tropopause was observed 
and no isothermal stratosphere existed. From 
Fig. 7 one realizes that no greater changes are 
present in the mean soundings of this type from 
day to day (the mean soundings are obtained 
by taking the mean of about 10 to 15 sound- 
ings per day) except in the last two days 
(January 12 and 13) where a gradual increase 
of temperature appears in the lower part of the 
atmosphere. 

Group II: Polar soundings. These soundings 
(see Fig. 7, Group II) are taken from the area 
north of the polar jet or from regions surround- 
ed by a polar breakline in the tropopause level 
(cut-off lows appearing over lower latitudes, 
polar air excluded from the polar source region). 
In these soundings a typical polar troposphere 
is separated by a definite low tropopause level 
(always lower than 300 mb) from the almost 
isothermal stratosphere. From Fig. 7 it is obvi- 
ous that the mean sounding for each day keeps 
a nearly similar construction in the total height 
of the atmosphere. There seems to exist a slow 
temperature increase with height in the levels 
above 80 mb (above 18 km). 

Group III: Middle soundings. These sound- 
ings were taken from regions between the 
polar front jet and the subtropical jet. Evidently 
the individual soundings of all the 6 days have 
rather different latitudinal position (between 
30 and 60° N). Looking at Fig. 7, Group III 
we realize now a much warmer temperature 
in all tropospheric layers in comparison with 
the two previous groups. This temperature 
increase, which seems to be strongest in the 
mid troposphere from 600 to 400 mb, but is 
almost of the same strength throughout the 
whole troposphere, expresses in a clear manner 
that these soundings are taken south of the 
polar front (indicated schematically in Fig. 7). 
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The tropopause level appears now much highet 
up (at about 240 mb) in comparison with that 
of the mean soundings of the polar group. The 
height difference of the two tropopause levels 
amounts to about 2 km (polar breakline in the 
tropopause level or strong meridional gradient 
in tropopause height). From the middle tropo- 
pause level upwards a slow increase of tempera- 
ture is observed in the mean middle soundings 
up to about 170 mb (12.5 km) and from there 
on a rather slow decrease can be noticed. In 
general, however, the stratosphere of middle 
soundings is almost isothermal. 

Group IV: Subtropical impulse soundings: 
These soundings are taken from areas in the 
mid latitude belt which are surrounded by 
branches of the subtropical jet. Also the sound- 
ings in this group differ widely in their latitu- 
dinal position. The temperature in the whole 
troposphere is higher than that of the middle 
group (see Fig. 7, Group IV). This is especially 
true for the layer between 450 and 350 mb. 
The temperature distribution inside the tropo- 
sphere is nearly that of the pure subtropical 
soundings, which we will discuss in the follow- 
ing paragraph. The principal difference be- 
tween this group and middle or pure sub- 
tropical soundings is because of their different 
structure in the stratosphere and because of the 
different form and temperature of the tropo- 
pause. We conclude therefore that another, in 
comparison with the polar front much weaker 
frontal layer, should exist between spaces in 
the atmosphere characterized by these sub- 
tropical impulse soundings and others charac- 
terized by middle soundings (secondary frontal 
zone schematically indicated in Fig. 7). This 
frontal zone is never as sharp as the polar front, 
but can be analyzed in vertical cross sections 
quite definitely, and can also be found in 
individual soundings. It seems to be of utmost 
importance to realize the existence of two 
different warm air masses south of the polar 
front, which are characterized by the tropo- 
spheric temperature distributions of group III 
and IV. In the group of subtropical impulse 
soundings (IV) one observes the tropopause 
much higher upwards (little above the 200 mb 
surface). The tropopause temperature is very 
much lower than that of the middle group (by 
about 10° C or more). This clearly indicates a 
further discontinuity in‘ the tropopause level 
related to the presence of a branch of sub- 
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tropical jet. Above the tropopause the tempera- 
ture mostly increases in this group by s or 6° C 
up to 125 mb and from there on isothermal 
conditions prevail. 

Group V: Subtropical jet soundings: These 
are soundings which pass through the sub- 
tropical breakline in the tropopause level or 
the region close to the subtropical jet. From 
Fig. 7, Group V it is quite obvious that the 
tropospheric temperature distribution does not 
show any appreciable difference compared 
with group IV. In all cases a double tropopause 
appears in each individual sounding and this 
is well shown in the mean soundings of the 
6 days. The lower tropopause situated near 200 
mb was found to be strongly connected with 
the existence of the subtropical jet core, 
situated just little below this lower tropopause. 
From about 200 up to 150 mb nearly isothermal 
conditions or even a slight increase of tempera- 
ture with height is observed. This lower tropo- 
pause disappears south of subtropical jet, so 
that only a break in the continuous tropo- 
spheric decrease of temperature with height 
remains (see in this connection the tropo- 
spheric structure of group VI). From 150 mb 
upwards the temperature decrease continues 
up to the levels immediately above 100 mb 
where a clear cut tropopause is realized. Above 
this tropopause the temperature increases again 
upwards. In the individual soundings the two 
tropopauses stand out even more pronounced. 
The tropopause temperature at the upper and 
at the lower tropopause are in a characteristic 
way observed to be equal whenever the sound- 
ing goes through the subtropical jet core. 

Group VI: Subtropical-tropical soundings: 
Fig. 7, Group VI. These soundings show a 
continuous decrease of temperature from the 
ground upwards to 85 mb (17 km). While the 
lower subtropical troposphere still keeps its 
character upward to about 230 mb, the higher 
portion of the troposphere up to 85 mb is 
characterized by a much weaker temperature 
decrease with height. The break in lapse rate 
around 230 mb can be considered, as was 
mentioned before, as an equatorward continua- 
tion of the middle tropopause level. Only in 
rare cases an inversion or an isothermal layer 
of small vertical extent exists, which should 
not be taken as a tropopause. Therefore the 
main and only tropopause level in this group 
is that at 85 mb. It is now extremely pronounc- 
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ed (tropical tropopause). The tropopause tem- 
perature is well below — 70° C and the strato- 
spheric distribution of temperature shows a 
much stronger increase of temperature with 
height. Soundings further south (between 
15° N and the equator) would not differ con- 
siderably from the type discussed in group VI. 
The break in lapse rate in the mid troposphere 
would be even less pronounced and appears 
sometimes as low as 300 mb. There are cases, 
where this last indication of the middle tropo- 
pause disappears completely. The temperature 
of the tropical tropopause level still decreases 
towards the equator and approaches values 
colder than — 80° C (in rare cases even as low 
as —90° C). There is evidence in some cross 
sections that the lowest tropopause temperature 
is not reached directly above the equator, 
but two separate tropopause temperature mini- 
ma exist on both sides of the equator interrupt- 
ed by a small region just above the equator for 
which the tropopause temperature is little 
higher. There is little known, if this is true for 
all the regions of the world. Further data from 
the equatorial regions are needed to form the 
basis for a more complete study of tropopause 
conditions close to the equator. The same is 
true for the region close to the poles. There is 
still the question, if there exists a definite tropo- 
pause level close to the poles (at least for 
certain periods) and there is so far no definite 
proof for the existence of a continuous tropo- 
pause level across the equator. 


IV. The conservative character of soundings 
in each of the different groups and the merid- 
ional temperature gradient between them 


Table I presents (a) the total mean vertical 
temperature distribution for all the different 
groups, (b) the standard deviation of the verti- 
cal temperature distribution of all the individual 
soundings of each group from that of the mean 
one in each group (c) temperature differences 
between the mean vertical temperature distribu- 
tion of different groups (showing meridional 
temperature gradients in tropo- and strato- 
sphere between different groups and the level of 
no meridional temperature gradient). In con- 
nection with (c) the reader is also referred to 
Fig. 8, where the total mean vertical tempera- 
ture distributions of different groups are plotted 
against each other, thereby showing the 
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Sounding Types \ Polar 
Middle 
Mean vertical temperature distru- 
butions (°C) of different groups of 
soundings ( Northern Hemisphere 
Winter) 


-6/.2 |-58.3|-58.3 
- 60.9|-60.2|- 62.6 


-6/.2 |-62.2|-66.5 


-61.4 


-63.2|-69.8 


-61.4 


-642 


-72.5 


-61.3 |-64.6 


-646 


- 61.1! 


"62.2 


strength of baroclinicity between individual 
groups of soundings. 

Looking first at the polar group (Table I), 
one observes that the standard deviation* is 


* We recall that the mean m locates the centre of a 
distribution and the standard deviation o measures the 
spread or variation of the individual measurements (in 
our case individual temperatures and their mean for each 


Polar cap (PC)=Group I 

(P )=Groupll 
(M) = Group Ill 
Standard deviation 6( 
of temperature of all 
individual soundings 
from the mean one of 
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‚Subtropical Impuls ( SI) = Group IV 
‚Subtropical Jet (SJ)=Group v 
Subtropical Tropical( S ) = Group VI 


Meridional temperature 
differences between 


Temperature decrease 
towards: 
North: positive, South - negative 


M-P ISI-P |SI-MISJ-SI 
w= Jiv- u Jiv- su|v- iv 


smallest between the 700 mb level and the 
mean polar tropopause (appr. 320 mb). From 
there on upwards to the too mb level it still 
remains rather small. Only in the lower part of 


height and each group). The concentration of the measure- 
ments close to m is emphasized by the fact that over 2/3 
of the observations (66.7 %) lie in the interval m +0, 
while 95 % of them are in the interval m -+ 20. 
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the polar troposphere and in the higher part of 
polar stratosphere (from too mb to 30 mb) 
we notice somewhat larger standard deviations 
of the individual soundings of this group from 
the total mean sounding (more than 7° C). 
This shows that individual soundings may 
deviate in temperature stronger in the lower 
troposphere from the mean temperature of the 
polar group, which is reasonable because of 
radiational effects. But also the high strato- 
spheric layers of the individual soundings show 
rather strong deviations from an almost iso- 
thermal polar stratosphere during the period 
in question. The total height interval between 
700 mb and 100 mb level, however, shows 
only small deviations of 3 to 5° C from the 
total mean vertical temperature distribution, 
which is surprisingly little. In this height range 
the polar soundings are rather conservative and 
the computed mean sounding is a rather rep- 
resentative one. 

A different picture is obtained for the middle 
group (Table I). Here in the total atmosphere 
individual soundings deviate little in all the 
heights (standard deviation of about 3.6° C) 
from the mean temperature distribution of the 
middle group. If one considers that the soundings 
of this group have rather different latitudinal 
position (between 30 and 60° N) it is most 
astonishing to realize this conservative character 
of middle soundings. This would not be true by 
just selecting randomly stations of mid latitudes, 
computing a mean sounding and the standard 
deviations of the individual ones from the mean 
one in that case. Then one would mix soundings 
of different type (polar, middle and subtropical) 
and much larger standard deviations would 
appear. Therefore it is just the selection of the 
middle soundings always between the main 
westwind maxima or between the two main 
breaklines in tropopause height which guaran- 
tees the conservative character in this group. 

The same applies equally to the group of 
subtropical impulse soundings (Table I). For this 
group as well the standard deviation in all 
the heights of tropo- and stratosphere remains 
rather small (2 to 4° C). Here the most con- 
servative part of the atmosphere is the layer 
between 700 mb and the tropopause (about 
200 mb). 

In the subtropical group of soundings (Table 
I) the standard deviation remains again small 
with the exception of the height range between 
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350 and 250 mb where somewhat greater 
standard deviations appear (little more than 
5° C). This is solely due to the break in lapse 
rate, which is observed in different heights in 
this interval (last indication or continuation 
of the middle tropopause in equatorward 
direction). This makes the temperature distri- 
bution of the subtropical soundings south of 
subtropical jet in this layer of small vertical 
extent of the troposphere more variable and 
the standard deviation from the mean sounding 
somewhat greater. 

Generally we may point out that in all the 
groups a definite conservative character in the 
individual soundings exists (shown by the 
rather small standard deviations in temperature 
of each sounding from the mean ones). Most 
conservative is the middle and upper part of 
the troposphere and the form of the tropo- 
pause in each group. The only exception from 
this general rule appears in the polar group in 
the lower troposphere and in the higher part 
of the polar stratosphere. The non-conservative 
character of the latter one may not be present 
all the time, because, according to our opinion, 
only part of the time the higher portions of the 
polar stratosphere are influenced by advection 
of cold air of subtropical origin, which, in our 
opinion, is the main reason for the variance in 
temperature. Radiation may also effect the 
temperatures in the upper polar stratosphere 
but this influence would not account for such 
variability. At certain time intervals where no 
subtropical inflow of cold stratospheric air af- 
fects the polar stratosphere, the magnitude of 
temperature variation would not be as strong 
as in the period under consideration and the 
standard deviation of the temperature distribu- 
tion of individual polar soundings from that 
of the mean one would also remain small. 

In addition Table I contains also temperature 
differences between the mean vertical tempera- 
ture distributions of the different groups, which 
indicate the strength of baroclinicity between 
different parts of the atmosphere. They show 
temperature gradients (polewards (positive) in 
the troposphere or equatorwards (negative) 
in the stratosphere) and their magnitude. They 
also indicate the level of no meridional tem- 
perature gradient (see also graphical representa- 
tion in Fig. 8). 

Tropospheric strong temperature differences 
of about 10°C between polar and middle 
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TEMPERATURE DIFFERENCES BETWEEN DIFFERENT GROUPS OF SOUNDINGS 


CASE A 
BETWEEN POLAR 
AND MIDDLE 


CASE B 
BETWEEN POLAR AND 
SUBTROPICAL IMPULS 


CASE C CASE D 
BETWEEN MIDDLE AND] BETWEEN SUB- 
SUBTROPICAL IMPULS| TROPICAL IMPULS 

AND SUBTROPICAL 
JET 


Fig. 8. Meridional temperature gradients (in °C) between the 
different groups of soundings for all heights in tropo- and 
stratosphere. 

Distances to the right of vertical lines indicate tempera- 
ture gradients south to north (positive). 

Distances to the left of vertical lines indicate tempera- 
ture gradients from north to south (negative). 

Case A: Meridional temperature gradients between polar 
and middle groups of soundings (normal tem- 
perature concentration at the polar front in 
winter). 

Case B: Meridional temperature gradients between polar 
and subtropical impulse group of soundings 
(extraordinary temperature concentration at the 
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group or of about 15° C between polar and 
subtropical impulse group indicate that the 
strongest baroclinicity of the atmosphere is 
concentrated in the polar front or most of 
the tropospheric meridional temperature gradi- 
ent (directed poleward) appears at the polar 
front, which separates the soundings of the 
polar group from the ones of the middle group 
(group II from group Ill). This tropospheric 
baroclinicity becomes even more pronounce 
by some three or four degrees, when polar air 
comes near to subtropical air and the middle 
air disappears. In that case when polar and 
subtropical impulse groups are situated side by 
side the tropospheric temperature gradient 
amounts to about 15°C (group II opposite 
group IV or VI). (See both cases A and B in 
Fig. 8, left side.) This tropospheric baroclinicity 
seems to be largest in the mid troposphere 
but is nearly equally well pronounced in the 
total troposphere up to 400 mb in both cases. 
In the latter case a branch of subtropical jet 
moves towards more northern latitudes and 
comes close to the polar jet stream, thereby 
bringing subtropical air near to polar air. This 
results in an extreme baroclinicity at the polar 
front. 

Tropospheric meridional temperature dif- 
ferences between middle and subtropicalimpulse 
group (see Fig. 8, case C, right side) is much 
less and has a value of about 4 or 5° C through- 
out the whole troposphere. This indicates the 
existence of a secondary frontal system dividing 
middle and subtropical air. This baroclinicity 
is never as strong as that at the polar front, but 
it clearly indicates two different types of warm 
air masses south of the polar front, earlier re- 
ferred to as the same air mass (the tropical air). 
This subdivision seems to us of utmost im- 
portance. 

Meridional gradients in the troposphere be- 
tween the subtropical impulse group and the 
subtropical jet group remain small. This can 

e seen by comparing group III and IV (see 
Fig. 8, case D, right side). The magnitude 


polar front in case of a northward advance of 
subtropical atmosphere (subtropical impulse)). 

Case C: Meridional temperature gradients between 
middle and subtropical impulse group of sound- 
ings. 

Case D: Meridional temperature gradients between sub- 
tropical impulse group and subtropical jet group 
of soundings. 
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of this gradient is 1 to 3° C, showing that the 
air in such northward advances of the sub- 
tropical atmosphere (subtropical impulses) 
caused by the meandering behaviour of the 
subtropical jet is really the same type of air 
usually appearing at latitude circle 30° N in 
the subtropical troposphere. 

The level of no meridional temperature 
gradient lifts gradually from north to south. 
Between polar and middle group this level 
appears in 285 mb, while between middle and 
subtropical impulse group it is already observed 
at 250 mb (9.5 km, resp. 10.5 km). The height 
of the level of equal meridional temperature 
distribution increases south of 30°N to the 
150 mb-level (about 13.5 km). The tempera- 
ture field therefore does not show any reversal 
of the meridional gradient for a certain level. 
It is equally wrong to state that the meridional 
temperature gradient disappears at the tropo- 
pause, as one can read often in literature. 
Conditions are much more complicated and a 
sharp discontinuity in the level of zero merid- 
ional temperature gradient appears in con- 
nection with the subtropical breakline of the 
tropopause level. 

We continue now the discussion with strato- 
speric temperature differences or negative gra- 
dients in meridional direction. Between the 
polar and the middle group the stratospheric 
temperature differences remain rather small 
(see Fig. 8, case A). Only in layers above so mb 
somewhat greater values appear. Therefore 
when the polar front separates only polar and 
middle air, the main baroclinicity exists in 
the troposphere, and stratospheric contributions 
to developments at the polar front remain in- 
significant because of a nearly uniform merid- 
ional temperature field in the stratosphere 
above. However, in case of a northward ad- 
vance of a subtropical jet branch or in the 
case when subtropical air comes close to polar 
air at the polar front, the stratospheric merid- 
ional differences in temperature between the 
polar group of soundings and the subtropical 
impulse group increase generally in the total 
stratosphere and a rather strong negative tem- 
perature gradient (colder temperatures to the 
south) appears immediately above the strongly 
inclined tropopause level (order of magnitude 
12 to 15° C). The numbers of Table I and Fig. 
8, case B express for that special case the very 
important circumstance, which we already 
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mentioned before, that an opposite baroclinicity 
appears in the stratosphere concentrated near 
the strongly inclined tropopause and vertically 
above an unusually strong tropospheric baro- 
clinicity at the polar front. Furthermore this 
twofold baroclinic structure of the atmosphere 
appears in comparatively small latitudinal re- 
gions of $ or 10° lat. and this represents in 
combination with a double jet of extraordinary 
strength a state which can by no means be 
considered a hydrodynamic stable one. Due 
to hydrodynamic instability the equilibrium 
of this stratification may easily be destroyed and 
a new adjustment of the mass field has to be 
made (strong cyclogenesis). As a consequence 
drastic changes in the type of the General 
Circulation occur. 

If subtropical air advances northward, but 
comes only in contact with middle air, we 
already discussed the formation of a secondary 
front in the troposphere (see Fig. 8, case C). 
But in that case stronger meridional negative 
gradients appear above 250 mb and also in that 
case stratospheric effects may be of importance. 


V. Statistical investigation on the tropopause 
level 


Looking at Fig. 7 one can easily estimate in 
what heights in a frequency curve high or low 
frequencies of appearance of a tropopause level 
should occur. First of all there should exist a 
general accumulation little above the 100 mb 
level up to the 80 mb level, in which height 
range two peaks should stand out. One near 
80 mb due to the tropical tropopause level in 
the southernmost group. Another peak, but at 
somewhat lower height, should appear near to 
too mb due to the upper tropopause in the 
subtropical jet soundings (still the tropical 
tropopause). 

In the height range between 100 and 200 mb 
the frequency curve should show nearly no 
sign of tropopause or extremely little. 

Another accumulation can be expected be- 
tween 200 and 340 mb. In this height range 
generally high frequencies and three pronounc- 
ed peaks may be expected. The first one due to 
the tropopause of subtropical impulse soundings 
as well as the lower tropopause of subtropical 
jet soundings (in each case the middle tropo- 
pause level). The second peak may appear near 
to 240 mb because of the frequent occurrence of 
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the middle tropopause in that height over the 
mid latitude belt. The third and final peak 
should exist little below 300 mb due to the 
frequent occurrence of the polar tropopause 
in that height. 

The diagram (Fig. 9) presents such a tropo- 
pause statistic. The coordinates of this diagram 
are: tropopause height or pressure in mb in 
the vertical and the tropopause temperature in 
degrees Celsius in the horizontal. Tropopause 
height and temperature from all the soundings 
of the period Jan. 1 to 13, 1956, 0300Z are 
entered in this diagram (each sounding with 
a dot and s soundings with the same coordinate 
by a little square). The total number of sound- 
ings is 2,513. From the distribution of the 
points one may easily notice that low tropo- 
pause temperatures correspond generally to 
greater tropopause heights and the opposite 
(warm tropopause temperatures—lower tropo- 
pause heights). This rule holds fairly well in 
the height range between 400 and 175 mb 
(compensation principle). Furthermore we 
observe clearly the expected subdivision of the 
total point cloud into two main families, one 
above 100 mb and the other below 175 mb. 
However, in the height range between 100 
and 175 mb we realize very little points, 
especially between 125 and 175 mb. This out- 
standing characteristic feature of the distribu- 
tion is a definite proof that no tropopause exists 
in that height range and a continuous tropo- 
pause level from the equatorial to the polar 
regions does not exist in the winter season 
(subtropical break in the tropopause level, 
double structure of the tropopause level across 
30° N). 

Concentrating on the upper point accumula- 
tion above 125 mb up to 60 mb, we notice the 
expected double peak (one near 80 mb, the 
other near 100 mb), which proofs that preferred 
tropopause locations exist (see also frequency 
curve at the right side of diagram). All the 
points refer to the tropical tropopause level. 
The peak near 80 mb would shift a little 
higher up, if we could include more soundings 
from the very low latitudes. The frequency 
curve (right side of the diagram) shows a 
rapid decrease in the number of points below 
100 mb down to 110 mb and also a more 
gradual decrease from 80 to 60 mb. In the 
height range between 175 and 310 mb (lower 
main point cloud) everywhere high frequencies 
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of tropopause occurrence can be noticed and 
as we expected three sharp peaks stand clearly 
out and surpass the general high frequencies of 
the total height range by more than double or 
even triple the value. As we already pointed 
out, the frequent occurrence of an unusually 
high tropopause in the subtropical impulse 
soundings, together with the lower tropopause 
of the subtropical jet soundings, give rise to 
upper peak near 200 mb, while the middle peak 
near 240 mb can be explained by the frequent 
occurrence of a middle tropopause level and 
the lower peak near 300 mb by the frequent 
appearance of the polar tropopause in that 
height. The threefold structure of the tropo- 
pause level is therefore rather well illustrated 
by this diagram. In this height range we must 
pay attention that the only relative low tropo- 
pause frequency between 280 and 300 mb, 
immediately above the lowest peak, demon- 
strates the polar breakline in the tropopause 
level. 

Between 320 to 400 mb the frequency de- 
creases rather rapidly and only in rare cases a 
tropopause can be found lower than 400 mb. 

We certainly admit that this preliminary 
statistical result is not a final one, because even if 
it includes a total of 2,513 soundings (all the 
soundings from the northern hemisphere except 
that from Russia and China for 13 days) the 
material does not seem to be too extensive to 
allow refined statistics. Considering this fact it 
is even more surprising how clearly definite 
and important features in the behaviour of the 
tropopause level stand out in this investigation. 
It is more than likely that an increase of the 
data would rather result in a more pronounced 
picture of the tropopause level, as is illustrated 
here. Furthermore it refers only to winter 
conditions and similar studies for summer 
periods have to be made. 


VI. The subtropical breakline in the tropo- 
pause level and its relation to the core of 
subtropical jet stream 


Fig. 10 presents a detailed analysis of the 
temperature and wind field in a vertical cross 
section, oriented from south to north through 
the subtropical jet over the North American 
Continent. This example from Jan. 8, 1956, 
0300Z may convince the reader about the 
connection between the break or the double 


FRIEDRICH DEFANT and HESSAM TABA 


448 


+ 


6 


o2 


22 


<2 


‘ganqoid yyeauag u9AIS 21e sopuosorpes Jo UOHISOd pur satueu ‘sıoqumN 


‘(gaoux FO=das/t ££) jaf juordorqns Jo yaurıq ulsyJıou= (qoutiq) °f -(souy zzr—00s/ur £9) 3109 of jeordonqns urew = °f -asnedodon aaoqe 
UOISIDAUT Jo ung Joddn=asnedodon >fpprur sAoge auf poysep UNI, 'soriepunog feguory— puno13 1eoU sour poysep ury], “((sioquinu payuejs) 99s/ur ur purM 
jenqoe) poads purm yenbs Jo sauty—soury poyop poyseq ‘(sioquinu poyuario [E9H104) D, UT SUHOUJOS[—SOUI] [INF uty, “sjasoy oSnedodor] —soutt [nF XOTUL 


tubous jaf pndomgns ayy puv jada] asnvdodoay ayy ui yvasg jprrdongns ayy ysnosyy 7 00£0 ‘oS6r ‘g "uf 4of ILIA YIHON 4200 W017995 Sso4I [VIIA ‘OI "314 


IM.06 N.66) Mee C6 N.6 UP) (MeP6 NS (M96 Nelo (MeG G6 Ns6%) (MeG66 N«BE) (MoS LG NaS GE) MG LG Nuke) IMS 86 NeSEZ) (MoS 16 N.92) 
LNO NNIW NNIW #8 3N NvA NUM NU *31 x31 x31 
Juv indy. S11V4 UNI an0712 1S VHVWO vA3d01 A119 39000 ALID YWOHY 140 HIBOM Li OINOLNY NUS 37171A SNMOYB 
8r8 ave GS9 CSS 95% 15% CGE 652 £s2 osz2 


000! 


006 


008 


009 


(youv18) 


os: 


001 | 


SL 


oS 


or 


of 


on 


ow 


£t 


mal 


9 


ai 


6l 


02 


Wx 


4 


58) 


Tellus X (19 


THE BREAK DOWN OF ZONAL CIRCULATION, EAN Sel © Ris. Ore 


structure of the tropopause level near latitude 
circle 30° N and its intimate relation to the 
existence of a sharp and well defined westwind 
core inside the general westerlies of subtropical 
latitudes (subtropical jet). This section running 
from Brownsville, Texas (250) northward to 
Dodge City (451) and Int. Falls (774) and from 
there to Trout Lake (848) in Canada was taken 
inside such a subtropical impulse or a ridge 
region existing on Jan. 8, 1956 over the central 
part of North America. Here one can distinguish 
between a branch of the subtropical jet and 
the main subtropical jet core (the first one is 
seen in the picture at 250 mb in the northern- 
most station and the second one in the sound- 
ings of 353, 451 and 456 in the central part of 
the section). 

Little above the 200 mb level a tropopause 
level is observed in all the stations of the 
section, which can be considered as the south- 
ernmost part of the middle tropopause level, 
but already appearing above or close to the 200 
mb level in the region of a northward advance 
of subtropical air (subtropical impulse). The 
tropospheric temperature field indicates only 
a very gradual decline of the isothermal layers 
in northward direction. We may conclude 
from this almost barotropic stratisfication that 
subtropical air is present in the troposphere 
from the tropopause level downward to a 
certain frontal layer, which slopes upward from 
south to north. This secondary frontal layer 
is characterized by an inversion in its southern 
part and a break in the vertical lapse rate in the 
northern soundings. Below this frontal layer, 
a certain ground space is filled with middle air 
which is again separated by a sharp inversion 
from a much colder air mass covering all the 
ground layer of the section. This ground in- 
version can therefore be considered as a con- 
tinuation of the polar front southward and the 
shallow ground layer contains a modified but 
typical polar air. 

The temperature distribution at the tropo- 
pause indicates two separate places with ex- 
tremely low tropopause temperatures (lower 
than —67° C). The first of these can be seen 
on top of the northern branch of subtropical 
jet and, the second one appears immediately 
on top of the main subtropical jet or little 
south of it. In the region between the two jet 
maxima the temperature at the tropopause 1s 
somewhat higher. 
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From the tropopause, where the temperature 
is coldest in all the soundings, a general in- 
crease in temperature with height appears, the 
upper limit of which is indicated by a dashed 
line in the section (inversion above the tropo- 
pause). Higher up the temperature decreases 
again with height, especially in the region 
south of the main subtropical jet core. Here 
we are able to analyze clearly a tropical tropo- 
pause level near 80 mb. Along this tropical 
tropopause level the temperature increases from 
south to north and the height of the tropo- 
pause increases steadily in this direction. The 
more horizontal orientation of the isothermal 
layers over the southern part of the section 
around the tropical tropopause slowly dis- 
appears in northward direction and the north- 
ern part of the section is characterized by a 
more vertical orientation of the isotherms or 
by an isothermal stratosphere. 

The tropical tropopause rises to somewhat 
higher elevations in northward direction and 
loses gradually its identity. The lower (middle) 
tropopause level lowers and loses identity 
in southward direction. In the region of over- 
lap of both tropopauses the main subtropical 
jet maximum or jet core appears just little be- 
low the lower tropopause. Here the tempera- 
tures at both tropopauses are equal. 

It is obvious from this section that a height 
interval of 5 km vertical extent between the 
two different types of tropopauses remains, 
which allows a connection between the higher 
portions of the subtropical troposphere and 
the lower portions of the stratosphere of mid 
latitudes. The importance of this gate has been 
stressed earlier. 

Looking at the wind field of this section, 
which was analyzed solely by the use of actual 
winds, one may distinguish between the main 
subtropical jet and its northern branch, which 
are interrupted by a region of much lighter 
winds of the stations 655 and 747. While in 
almost all the parts of the section the maxi- 
mum westwind appears immediately below the 
middle tropopause level, we observe, that south 
of the main subtropical jet the maximum wind 
appears above the middle tropopause, which 
gradually loses identity southward. Much 
stronger winds are observed for the main sub- 
tropical jet core (about 122 knots) than for its 
branch (64 knots). Unusually vertical and posi- 
tive wind shear is observed below the main 
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subtropical jet core and equally or evenstronger 
vertical and negative wind shear can be noticed 
above it. Such shear values don’t exist else- 
where in the section and can hardly be observed 
at the polar jet stream. They cannot be ex- 
plained by use of the thermal wind relationship. 
Another explanation has to be offered for the 
narrow peak of subtropical jet in vertical direc- 
tion. 

An analysis of the subtropical jet, solely 
based on winds from a main isobaric surface 
(conveniently the 200 mb level), will never 
allow to place the subtropical jet core correctly 
on a horizontal map, because the winds close 
to the jet core would be almost of the same 
strength. Therefore one would rather conclude 
from such an undertaking (as has often been 
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said in other papers) that the subtropical jet 
is a broad westwind maximum surrounded by 
weaker westwinds. Only by means of careful 
vertical cross sections, making use of all in- 
formation about maximum wind speed, the 
subtropical jet core can be detected because of 
its narrowness in horizontal and especially in 
vertical direction. Already some 20 mb differ- 
ence in the vertical can result in quite different 
wind speeds. Investigations on the structure of 
subtropical jet need therefore utmost care and 
only vertical sections allow to describe its 
principal form. Finally we may point out that 
the section presented here (Fig. 10) serves only 
as an example but numerous similar sections 
have strongly supported the same general 
picture, unfolded in the discussion. 
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Abstract 


Forecast-errors in the 24- and 48-hour barotropic soo-mb prognostic charts prepared by 
JNWPU for the winter of 1957 were investigated. Certain large-scale forecast-errors were 
found to persist from day-to-day in fairly localized geographical areas. In general, the numerical 
prognoses exhibited a tendency to forecast excessively high values off the southeastern coasts and 
excessively low values off the northwestern coasts of the continents. Little forecast-error was 
observed in the continental interiors. 

A Fourier analysis revealed that the forecast-errors were largely due to incorrect phase fore- 
casts for wave numbers 1 through 4. 

The forecast-errors associated with wave number 1 usually “positioned’’ the large-scale 
systematic forecast-errors near Japan and Scandinavia and contributed materially to their 
intensities. 

Relationships between forecast-error fields and topography, geography, synoptic situation, 
and “‘non-adiabatic’’ heating are discussed. 

Hemispheric fields of ‘‘non-adiabatic’’ heating, computed using a two-level graphical model, 
are shown. 

Charts illustrating the dependence of “'non-adiabatic’’ heating on the general circulation 


are also shown. 


I. Introduction 


The Joint Numerical Weather Prediction 
Unit of the United States has been issuing 
hemispheric soo-mb prognostic charts for an 
octagonally-shaped area, centered on the North 
Pole and extending down to approximately 
13° N latitude, since October 1957. The model 
used differs from other barotropic models in 
the following respects: 

a. A mountain effect has been incorporated 
by introducing the vertical velocity at the 
carth surface, produced by a flow over the 
terrain, into the potential vorticity equation. 

b. A non-divergent wind is employed by 
solving the balance equation. 


1 Part of the research reported in this document 
has been sponsored by the U.S. Weather Bureau under 
contract No. Cwb-93 16. 
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c. A smoothing operator is used every 
twelve hours to eliminate fluctuations with 
wavelengths of about 700 kilometers or less 
while longer wavelengths are left practically 
intact. 

d. The stream function and the relative 
vorticity are held fixed on the boundaries. 


The skill that the barotropic forecast model 
exhibits in forecasting atmospheric changes is 
readily obtained by studying the errors in the 
forecasts. Since the numerical prognoses are 
objective and mathematically-produced, the 
systematic forecast-errors should reveal those 
instances where the model is least efficient in 
its representation of true atmospheric motions. 

With the hope that the barotropic forecasts 


would offer a deeper insight into the problems 
of numerical forecasting, and afford a base from 
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Fig. 1. Large scale 48-hour 
forecast errors for November 
I—I5, 1957. The isolines are 
drawn for averaged values of 
soo-mb space-meaned 48-hour 
prognostic minus space-meaned 
observed analysis. Each num- 
ber followed by a plus or 
minus sign marks the position, 
date, and sign of a daily 48- 
hour space-mean forecast-error 
center which exceeded 200 
feet. 


which improvements could be effected, the 
prognosis were investigated to determine: 

a. The spatial distribution of the large-scale 
forecast-errors. 

b. The relationship between the error fields 
and the earth’s topography, the synoptic situa- 
tion, and the geographical location. 

c. The effects that the assumptions inherent 
in a barotropic forecast model have on dis- 
turbances of different amplitudes and wave- 
lengths during progressively longer time inter- 
vals. 

The diagnostic aspect of this investigation 
will be presented at this time. The results of 
experiments designed to improve these prog- 
noses will be published in a later report. 


U. Data used 


The JNWPU 24-, 48-, and 72-hour prog- 
nostic charts and the verifying observed anal- 
ysis for the period 1 October 1957 to 1 Febru- 
ary 1958 were used in connection with sections 
Il and IV. NWAC’s twice-daily hemispheric 


sea-level analysis and the JNWPU soo-mb 
analysis for the period 15—31 December 1957 
were used in section V. 

Three non-consecutive, half-monthly periods 
for which a complete series of maps were 
available were used to compile the statistics in 
section IV. The periods were November 1—15, 
1957, December 15—31, 1957, and January 
1$—31, 1958. This choice was made in an 
effort to minimize the possibility that the same 
synoptic situation would persist throughout 
all of the statistical data. 


Il. The spatial distribution of the large- 
scale forecast-errors 


The prognostic charts and the observed ana- 
lysis were graphically space-meaned to smooth 
out the small scale fields, thereby delineating 
the large-scale ones. The distance increment 
used was equal to 11.2 deg. of latitude on the 
map at 45 deg. N. The 24- and 48-hour 
observed and forecast height changes in these 
space-mean charts, and the corresponding error 
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ERRORS IN THE BAROTROPIC FORECASTS 


Fig. 2. Large scale 48-hour 
forecast errors for December 
15—30, 1957 (refer to Fig. 1 


Wi S 


IR 


for further explanation). 


fields on the space-mean of the prognostic 
charts, were similarly computed. 

In the discussion to follow in section III, 
unless otherwise stated, the expression “error 
field” will refer to forecast errors on the space- 
meaned prognostic charts; i.e., space-meaned 
prognostic chart minus space-meaned observed 
analysis. Similarly, the term “changes” will 
refer to changes in the space-mean charts. 

Since a forecast error can result from numer- 
ous effects, any discussion of the possible as- 
sociation between error fields and other pheno- 
mena will refer only to some undetermined 
fractional portion of the error field in question. 
In other words, no attempt will be made to 
explain all of the errors, or to compare errors 
due to analysis, computation, data transmission, 
etc. with those caused by terrain, season, geo- 
graphical location, or synoptic event. 

The following indications were evident on 
this series of space-mean-charts: 

a. Forecast-errors of sufficient magnitude to 
appear on the space-mean chart exist. 
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b. The magnitude of the forecast-errors 
usually exceeded the magnitude of the observed 
changes over a forecast period. (This does not 
imply, however, that the error centers and the 
change centers are necessarily related.) 

c. The magnitude of the error fields in- 
creased as the forecast period increased and as 
the season progressed from October through 
January. 

d. Any logical day-to-day continuity of 
motion of either the transient forecast-error 
centers or observed change centers was very 
difficult to establish. 

e. The forecasts for the regions from the 
Asiatic Coast to the Mid-Pacific and from the 
central Atlantic to Scandinavia exhibited a 
tendency throughout the data for positive and 
negative errors, respectively. 

Examples are given for the periods Nov. 
I—15, 1957, Dec. 15—30, 1957 and Jan. 15—30, 
1958 in figures 1, 2 and 3, respectively, to 
substantiate the above statements. Each illustra- 
tion was constructed in the following manner: 
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a. Each ofthe 16 consecutive 0000Z, soo mb 
observed analyses was space-meaned. 

b. These 16 space-meaned charts were then 
graphically averaged.* 

c. A similar space-meaning and averaging 
procedure was applied to the 48-hour prognoses 
valid on the same 16 days. 

d. The mean error field for the 16-day 
period was derived by graphical subtraction 
of the averaged analysis and prognostic fields. 

e. The positions of all error centers (greater 
than 200 feet) which were observed on each 
of the 16 days (they were computed by graph- 
ical subtraction of the space-meaned analysis 
and prognostic charts for each day) are entered 
by the date and algebraic sign. of the error. 

A positive mean-error center near the Asiatic 
Coast and a negative one near Europe are 


* Such a procedure, i.e. taking an average of 16 
space-mean charts, should minimize all but the most 
intense or persistent daily forecast-error fields. Sixteen 
maps were chosen (in preference to 15) to simplify the 
graphical computations. (See IWW special study 105-2, 
app. IP. 124). 


common to all three figures. In fact, errors in 
these regions were sufliciently persistent to 
predominate over other more transient error 
fields in every investigation in this project. 
The tendency for the daily forecast-error cen- 
ters to cluster in these areas during December 
can be seen in figure 2. 


During the entire 4-month period of data 
from November 1957 through February 1958 
not more than one or two daily 48-hr negative 
forecast-error centers appeared over the Pacific 
region near Japan. Similarly, very few positive 
error centers were found over the North- 
eastern Atlantic. This seems to imply that these 
errors are systematic and are either geograph- 
ically dependent or result from the model’s 
mistreatment of those persistent waves which 
are, in turn, geographically dependent. Thus, 
it appears that the effects of terrain and of heat 
sources and sinks warrant further investiga- 
tion. However, of equal importance, is the 
model’s persistent tendency to drastically retro- 
grade the very long waves (>90 deg. longi- 
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Fig. 4. The averaged-observed 
500-mb contour-difference be- 
tween the periods November 
I—1$, 1957, and December 
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tude); this similarly warrants consideration. 
(see section IV). These observations and the 
experiments in progress at the Institute of 
Meteorology in Stockholm to investigate their 
causes will be discussed throughout this report. 

An attempt to follow the continuity of the 
daily positions of the transient-error centers in 
either figure 1, 2 or 3, would show the difficulty 
to be encountered in trying to forecast changes 
in the large-scale error fields. A comparison of 
figures 1 and 2 reveals that larger mean-errors 
were observed in December than in November. 
Also, the daily centers were more transitory 
in November. Whether this latter observa- 
tion is associated with the more changeable 
circulation patterns of November is problem- 
atical Of more significance, perhaps, is an 
apparent tendency for the daily error centers to 
“Cluster” in Northwest Canada in December. 
The difference between the averaged observed 
circulation patterns for December and Novem- 
ber is shown in figure 4 to illustrate the rela- 
tionship between changes in the error fields 
and changes in the circulation patterns. 
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A comparison of figure 4 with figures 1 and 
2 over Northwest Canada implies that a rela- 
tionship does exist between changes in the 
mean-error fields and changes in the circula- 
tion pattern. However, the relationship is not 
uniquely established by such a comparison. 
For instance, the negative circulation-pattern 
change center located over Japan in figure 4 is 
associated with larger positive mean-errors in 
December than in November. Again, caution 
must also be exerted in drawing conclusions 
from the latter comparison. For instance, there 
is no proof that the forecast-errors in Japan 
and Northwest Canada are related; i.e., one 
may be related to a topographical condition 
and the other to a synoptic event. (This possi- 
bility will be discussed further in section IV. 
There it will be seen that the errors over Canada 
for this period are primarily associated with 
go degree wavelength features and the errors 
over Japan with 360 degree wavelengths). 

Figure 3 reveals larger forecast mean-errors 
than those in either figure 1 or 2. Two other 
major differences are also found. The positive 
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mean-error center in the Pacific is located 
further east in January and a positive mean- 
error center is found over the south-eastern 
United States which was not apparent in 
November or December. Undoubtedly, some 
of the difference between forecast-errors on 
figures 1 or 2 and those on figure 3 in the 
Pacific is attributable to a lack of data. How- 
ever, factors such as stronger wind patterns 
and increased temperature gradients between 
the Asiatic continent and the ocean could also 
presumably contribute to the eastwardly dis- 
placed and more intense mean-errors in January 

SIGTRYGGSSON and Wun-NIELSEN (1957), in 
an investigation of non-adiabatic effects for the 
Western hemisphere, found heat-source and 
heat-sink patterns resembling the mean-error 
field over the United States in figure 3. MARTIN 
(1956), in a similar investigation for the Eastern 
hemisphere, found a source-and-sink pattern 
resembling the Pacific portion of the mean- 
error field in figure 3. 

A detailed discussion of some “non-adiabatic 
effects” will be given in section V. 


IV. A Fourier analysis of the numerical 
prognostic charts 


A Fourier analysis was made of the numerical 
forecasts and the verifying observed analyses for 
the three previously-mentioned half-monthly 
periods. The computations were made using 
an I.B.M. code which required data from 100 
points along the 45° N latitude circle. Ampli- 
tudes were obtained for the first fifteen sine 
and cosine components based on the equation 


iy = : 
z(x)= + Dax cos Kx + bx sin Kx) 
2 K=ı 


In the above formula z (x) is the soo mb height 


ee 5 ds Ay . 
at position X on the 45° N latitude circie, — is 
7 


< 


the average soo mb height around the same 
circle, K is the wave number, and X the 
longitude. X is zero at 0° longitude and the 
positive direction is oriented to the east. 

The coefficients ax and bx were used to 
compute the amplitude Ax and the phase 
angle & based on the formula 


15 
2 (x)=? +2 Ar cos (Kx ~ 4) 
2 K=ı 
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Fig. 5. Coefficients of correlation between forecast and 

observed changes in amplitude and phase for wave- 

numbers 1 through 15. The correlations are based on 47 

pairs of data obtained from the periods, November 

I—1I5, 1957, December 15—30, 1957, and January 15—31, 
1958. 


The relatjonship between the two formulae is 
given by Ak= Vaz + bi and d=cot-! = A 
K 
graph devised by Harris (1956) was used to 
convert the machine data to this new form. 

Coefficients of correlation between the fore- 
cast and observed changes in amplitude and 
phase angle for the 24- and 48-hour period 
are shown in figure 5. These coefficients are 
based on 47 pairs of data (15 for November, 
1957, 16 for December, 1957, and 16 for 
January, 1958). The graphs indicate that, in 
general, larger correlation coefficients are found 
for wave numbers 5 and higher than for wave 
numbers 4 and lower. This figure further 
indicates that, for long waves (small wave 
numbers), the barotropic model forecasts ampli- 
tude changes better than phase changes. For 
the shorter waves, the situation is essentially 
reversed; i.c., phase changes are forecast more 
accurately than amplitude changes. 

The amplitude and phase forecasts for certain 
wave components showed a rather consistent 
daily-forecast error. Some of these will be 
cited at this time. During the 24-hour period, 
a forecast for an increase in the average height 
about the 45° N latitude circle was made 90 % 
of the time; however, observed height in- 
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creases occurred only 26 % of the time. This 
small percentage of observed occurrence was 
probably due to the progression of the data 
toward the colder season where the average 
heights are characteristically less than in the 
warmer season. The average forecast-error was 
approximately + 70 feet for the first 24 hours. 
For the 48-hour period, the average height was 
forecast to increase 81 % of the time and 
positive changes verified 30 % of the time. An 
average forecast-error of approximately + 100 
feet in 48 hours was observed. 

Westward phase-displacements in wave 
number 1 were forecast 92 % of the time for 
the 24-hour period and such changes were 
verified so % of the time. The average 24-hour 
phase error was -40 deg. of longitude. For 
the 48-hour period, the forecast westward 
phase-displacement was sufficiently large to 
bring about an almost complete reversal of 
phase. In reality, the observed amplitude and 
phase values for this wave-components were 
very persistent. The out-of-phase relationship 
which resulted between the forecast and ob- 
served values gave forecast-errors at the 


fe) 
“troughs” and “ridges”, which were almost 


twice the magnitude of the observed ampli- 
tudes of wave number I. 

The amplitudes of wave number 1 were 
forecast to decrease 91 % of the time and 
observed to decrease 66 % of the time during 
the 24-hour period. An average error of — 110 
feet was found. For the 48-hour period, de- 
creasing amplitudes in wave number I were 
forecast 94 % of the time and observed 64 % 
of the time. The average error was — 220 feet. 

Wave number 2 exhibited no recognizable 
tendency for a forecast-bias in amplitude 
changes for either 24 or 48 hours. However, a 
westward phase-displacement was forecast 92% 
of the time and observed 55 % of the time for 
24 hours. For the 48-hour period, a westward 
phase-displacement was forecast 77 % of the 
time and observed 65 % of the time. The 
average forecast error was — 19° longitude for 
24 hours and - 24° longitude for 48 hours. 

Similarly, the forecast amplitude changes in 
wave number 3 displayed little, if any, bias 
for either the 24- or 48-hour period. However, 
westward phase-displacements were forecast 
83 % of the time on the 24-hour prognoses 
and 85 % of the time on the 48-hour ones. 
Tellus X (1958), 4 
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Such displacements occurred 64 % and 60 % 
of the time respectively. The average forecast 
error was — 6° longitude in 24 hours and — 20° 
longitude in 48 hours. 

The forecasts of wave number 4 for 48 hours 
showed an average error of — 50 feet in ampli- 
tude and an error of about - 4° longitude in 
phase. Westward phase-displacements in 48 
hours were forecast 50 % of the time versus 
25 % observed. A similar ratio was found for 
the 24 hour forecasts. 

No consistent bias in the phase forecast for 
shorter wavelengths was evidenced. However, 
the forecasts for wave numbers 5, 6, 7 and 8 
exhibited a tendency to diminish the ampli- 
tude by an average of 50 feet or so in 48 hours. 

In an attempt to portray the foregoing dis- 
cussion more pictorially, mean-Fourier com- 
ponents were computed using the 16 daily 
components for each of the three periods - 
November 1—15, 1957, December 15—31, 
1957, and January 15—31, 1958. The mean- 
Fourier Components for wave numbers 1 
through 6 for the observed, 24-, and 48-hour 
components during the December period are 
shown in figure 6. The December components 
are presented here, rather than the November or 
January ones, since the data for December has 
been more thoroughly investigated in con- 
junction with heat sources and sinks than the 
other periods. This latter aspect will be dis- 
cussed in section V. 
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Fig. 6. Mean-Fourier components of observed, 24-, and 

48-hour forecasts for December 15—31, 1957. The ordi- 

nate represents amplitude in feet. The abscissa denotes 

longitude. Increasing longitude values are oriented toward 
the east. 
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The sine waves have been replaced by 
triangles, in figure 6, so that the exact location of 
troughs and ridges can be seen more readily. 
This was deemed advisable since the main 
discussion of the figure will pertain to the 
relationship between observed and forecast 
phase re 

In reference to wave number 1 in figure 6, 
errors in 24 hours are seen to arise from the 
forecast tendency to retrograde the wave and 
diminish its amplitude. For the 48-hour period, 
the forecast is almost completely out of phase. 
As previously mentioned, this is evident from 
the statistics of the individual cases comprising 
the mean as well. Such forecast-errors in wave 
number 1, alone, were found to account for a 
sizeable portion of the error fields shown in 
figures 1, 2, and 3. 

Figure 6 also shows the general tendency 
for a forecast retrogression of wave numbers 
2 and 3, while wave number 4 shows an almost 
complete reversal of phase. The same type of 
error in the forecasts for wave numbers 1, 2 
and 3 as those seen in figure 6 were also found 
in November and January. However, the fore- 
cast errors in Wave number 4 are not charac- 
teristic of the November and January periods. 
In these latter-mentioned periods, the fore- 
casts for wave number 4 were much better. 

Agreement between 24- and 48-hour fore- 
casts and observed values in wave numbers 5 
and 6, comparable to that seen in figure 6, is 
common to all three periods. Similar agree- 
ment was found for wave numbers 7 and 8. 
No attempt was made to extend the analysis 
to higher wave numbers since the mean- 
Fourier amplitudes become negligibly small 
for higher wave numbers. 

Graphs showing the distribution of the geo- 
strophic meridional-component of kinetic 
energy for wave components 1 through 15 are 
shown in figure 7. These graphs were obtained 
using the formula 


P+AP y+4y 


Kex= € (3) f fra +6) dydp 
P 


y 


for each of the three half-monthly periods. In 
this formula, Kex is the kinetic energy for a 
particular wave number, K. L is the length of 
the latitude circle, and f the coriolis parameter. 
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Fig. 7. Average values of kinetic energy of north-south 

motion for wave number k=1, 2,...15, for November 

1—15, 1957, December 15—31, 1957, and January IS—31, 
1958. 


In all computations, a ring of unit pressure- 
difference in the vertical and of unit latitudinal 
extent was considered. A more detailed dis- 
cussion of the computational method is found 
in a paper by WHITE and Cooızy (1956). 

Generally speaking all the waves underwent 
a loss of meridional kinetic energy in the 
forecast. The greater loss was suffered by the 
shorter waves (higher wave numbers). Since 
the smoothing operator used in making the 
numerical forecasts had little effect on any of 
these first fifteen wave components, it appears 
that causes other than smoothing were respon- 
sible for this energy loss. 

In order to establish more accurately how 
this loss of energy occurred, the total kinetic 
energy for each wave component is needed. 
Since a barotropic forecast over a closed region 
conserves the total initial energy, an analysis 
of the total kinetic energy spectrum should 
reveal whether or not the meridional kinetic 
energy loss, in the first fifteen components, is 
associated with energy gains in other portions 
of the wave spectrum. If a loss of total kinetic 
energy is actually being forecast, such factors 
as incorrect boundary conditions, smoothing, 
and errors resulting from finite-difference ap- 
proximations need further considerations. 

Certain error fields were discussed in section 
III in conjunction with the large-scale circula- 
tion. A continuation of that discussion will be 
given here. Assuming that the sum of the 
average height and wave components through 
4 depict the long wave profile, the daily data 
for each of the panied November 1—15, 
1957, December 15—31, 1957, and January 
15—31, 1958 were used to obtain half-monthly 
mean long wave profiles for the observed, 24-, 
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Fig. 8. Observed, 24-, and 48-hour s00-mb forecast long 

wave profiles at 45° N for November ı—ıs, 1957, 

December 15—31, 1957, and January 15—31, 1958. The 

ordinate represents the difference in feet between the sum 

of the average height and components 1 through 4 and 

the observed longitudinally-averaged soo-mb height for 
the same period. 


and 48-hour forecasts. These profiles are shown 
in figure 8. Note the difference in the profiles 
over Northwest Canada between November 
and December. Much of this difference is due 
to wave component number 4. A crest in wave 
number 4 was quite persistent near 230 deg. 
(Gulf of Alaska) in November, and an equally 
persistent “trough” in wave number 4, was 
found in that same general vicinity in Decem- 
ber from an inspection of the daily Foutier- 
components. The daily observed s00-mb charts 
for these periods also verify the persistence of a 
long wave 500-mb contour ridge in November 
and trough in December in the Gulf of Alaska. 
Apparently, some of the cyclonic vorticity 
advected out of the long wave troughs during 
December was not conserved thereby con- 
tributing to generally lower forecast values of 
the soo-mb surface than those observed. 

So far we have shown the dependence of 
certain forecast-error fields on geographic loca- 
tion. We have also observed that large negative 
forecast-errors are frequently found along the 
northwestern coasts, large positive errors along 
the southeastern coasts, and relatively small 
forecast-errors over the interiors of Asia and 
North America. Furthermore, the more syste- 
matic forecast-errors were observed to result 
from a rather consistent forecast tendency to 
retrograde the quasi-stationary long waves. 

These observations give rise to the following 
pertinent questions. Do the forecast-errors re- 
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sult primarily from certain deficiencies in the 
model which do not account for those factors 
which maintain the more or less forced oscilla- 
tions in various preferred geographical loca- 
tions; or, are the errors primarily due to in- 
correct forecasts of certain synoptic events 
(cyclogenesis, anticyclogenesis, etc.) which 
favor specific geographical locations for their 
development ? 

In order to investigate the dependence of the 
daily forecast-errors in wave number 1 on the 
observed trough location, the daily 24- and 48- 
hour phase errors were plotted as a function of 
the initial) observed longitude of the “trough” 
in wave number 1.. This investigation used the 
47 days of statistical data previously considered 
in the correlation study. 


It was found that the observed trough in 
wave number 1 was located in all cases some- 
where in the interval between 140° East and 
157° West longitude. A plot of phase-errors 
in the daily 24- and 48-hour forecasts versus the 
observed daily trough-locations showed no 
recognizable dependence of the phase-errors 
on the position of the observed trough at fore- 
cast time (i.e. essentially the same error was 
made for troughs located in the Central Pacific 
as for those located near the Asiatic coast). 


In view of the material presented so far, 
several factors appear worthy of further con- 
sideration. An improvement in the operational 
forecasts can be effected by simply forecasting 
the long waves to persist during the forecast 
period. A procedure based on such reasoning 
has been inaugurated by JNWPU, see WOLFF 
(1958). 

At best, however, this should be only a 
“stop gap” measure. It eliminates all hope of 
issuing numerical long range forecasts since it 
considers the very thing we want to forecast 
as being invariant. 

The systematic tendency to forecast the very 
long waves to retrograde suggests that a de- 
ficiency in the model might arise from an 
incorrect assessment of that mechanism which 
causes these waves to remain quasi-stationary. 
One possibility is that vertically-averaged di- 
vergence fields in nature are counteracting the 
forecast retrogressive tendency for these long 
waves. Such fields would exert less influence on 
the motion of shorter waves than on the longer 
ones as readily seen from the various frequency 
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equations for the speed of long waves. The 
accuracy with which the motion of the short 
waves is being forecast in comparison with the 
longer waves is in agreement with the type of 
results attributable to the neglect of divergence 
in the model. A hemispheric code is being 
prepared for BESK to test models which in- 
corporate the divergence term, see Bown 
(1955). 

Presently, hemispheric time-averaged fields 
of divergence are being computed for the 
winter months using the vertical velocities 
associated with both adiabatic and non-adia- 
batic heating and cooling (see section V). 

It is hoped that the divergence fields can be 
calculated with sufficient accuracy to determine 
the role that these fields might play in main- 
taining the quasi-stationary long wave troughs 
off the Japanese and North American coasts. 


V. Non-adiabatic effects 


A somewhat simplified model for calculating 
“non-adiabatic” heating has been devised. This 
model is similar to other two-layer models 
conventionally used in numerical forecasting. 
Graphical procedures have been used to com- 
pute the combined “‘non-adiabatic” heating 
arising from sources other than friction. In 
this investigation, all the errors in the forecast 
are assumed to result from heating and cooling. 
In the model, the wind is assumed to vary 
linearly with height, the vertical advection of 
vorticity and the twisting terms are neglected, 
the relative vorticity is considered small in 
comparison with the coriolis parameter in the 
divergence term, the static stability is con- 
sidered invariant, and the effects of friction are 
neglected. 

The vorticity equation in the form 


has been used where ¢ is the relative vorticity, 
7 the absolute vorticity, f the coriolis param- 
eter, and where w is rn 

In order to apply finite difference aproxima- 
tions, the atmosphere is divided into layers as 
follows: 


DONALD E. MARTIN 


CAT Aiea o mb 
D oe 250 mb 
se soo mb 
PEE ee 750 mb 
Bi a at 1000 mb 


Jw . ; h 
The term, 55 in equation I is evaluated 
P 


using finite differences between levels c and e 
while applying the vorticity equation at level d. 


a 
(Fey. 


where P* refers to a pressure difference of 500 
mb. Solving for w. gives 


x (52 
@, = "(Gt vn) + We (3) 
ot d 


Another expression containing @, is obtained 
from the thermodynamic energy equation 


5 n),- Blue) 6) 


dQ ar d 
= Cpa <P (4) 

dt dt dt 
Here T=temperature, P= pressure, « = specific 
volume, t=time, and x the amount of non- 


adiabatic heating. 
By the use of Poisson’s equation, the equa- 
tion of state and hydrostatic relationships, equa- 


tion 4 is converted to the form 
R dQ 4 9 [dz 7 dz 
= = Vos gs 
Cpp dt ° Lot \op 7 op). ES 
(5) 


where v, refers to the horizontal wind on a 


d 
constant pressure surface and o= —«— In ©. 
The symbol © denotes potential temperature. 
A “vertically averaged” value for ie is obtain- 


ed by applying equation (5) to the soo-mb 
level. 


-RdQ oh 
lec he a vt) + (oo) 
(6) 


The thickness, h, actually pertains between 
levels b and d. However, the assumption of a 
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linear wind distribution with height permits 
substitution of the thickness between tooo and 
soc-mb in the advective term of (6). Substi- 
tuting from (3) for @, in (6) gives 


R dQ\ _ g (ah 
& N (3 HV eh) ce 


Pr fae Ei / 
I de (=; +V: VN) — Olde (7) 


x 
multiplying (7) by — yields, since P*=P,= 


VE h) Se 


S 


= 500 mb, 


R (e if, 
2CpP dt ¢ 2 dt 


Substituting the expressions 


om? er 
te (2-2) 


Che = fe 


and 


ze) 


ar a Da 
CHEN. de.) 2 Vat. 


2P*°6,m2 f 9 2. à 


G is dependent on latitude only and accounts 
for the earth’s vorticity, see FJORTOFT (1952). 
Its field can be charted once and for all for 
specific map projections. The letter, m, refers 
to the map projection and is assumed equal to 
1. A distance of approximately 1000 kilo- 
meters is used for d, the increment of space 
smoothing. ¢, was determined at 45° N from 
the standard atmosphere. A numerical value of 
approximately 2 in the meter-ton-second system 
was found. A value of 10-4 was used for fin 
the calculation of the coefficient in (9) (but not 
in the G field). Using these values, the coefti- 
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cient of the center term on the right hand side 
in (9) acquires an absolute value of 1. 


The value of the term v, - se in (9) is equal 


h 
to Vo. = under the assumption of a linear 


wind field with height. Combining the first 
two terms on the right in (9) and substituting 
We © peg W, in the last term gives 


FR /dO 0 =. 4 22502 32750 
2gCp dt soo dt De 


+V750* V (rc eG = Zx000) a 


O 


D 


A 
4 P Os500 C1000 W000 


: (10) 


21 


2 ; Pea 
where W is the vertical velocity, —. At 1000 


dt 
mbs, Whoo © Yıooo: VS where S denotes the 
contours of topography. 
Equations (10) can be written 


R dQ = d (=. n = 250 = 3Z750 
2¢Cp dt 500 at \ Pe 2 


Are Vaso N ae ar eC == 200) Sr 


Pro 
Ba vets (Vroco ~v S) 


(x1) 


Converting the advective terms to finite dif- 
ference Jacobians where a distance increment 
of d= 1000 kilometers is used, gives 


=6X 10-8 Ie 5 Z250 Es}, 
K (Es à Eee ),] 
FA oO © Kees tie (2750)3] 
. Nero +G- 2 i008) = (Boe. Ge N FE 
— 4x 1077 [(2750)2 — (2750) 4] * 
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Fig. 9. Hemispheric distribu- 
tion of heat-sources and heat- 
sinks for December 15—30, 
1957. Isolines are drawn for 


Intervals of 100 feet are used in reading the 
height values to compute the Jacobians, and 
in expressing the “instantaneous” tendency 
about the intial time, ft). This tendency is 
obtained from 24-hour height changes centered. 
about the intervening soo-mb analysis. 

The evaluation of (12) involves the calcula- 
tion of a height change and two Jacobians. One 
of the Jacobians, however, needs to be evaluated 
only for regions of sloping terrain. 

The 750 height is computed graphically as 
the average of 


Zp and 


A space mean of this height gives 750. The 
first Jacobian in (12) is computed by orienting 
one axis of a plastic grid along a 750-mb con- 
tour thus causing one term in the calculation 
of this Jacobian to become zero. The second 
Jacobian is computed by orienting one of the 
grid axis along lines ‘of constant S thereby 
causing one of the terms in this Jacobian also 
to become zero. Such procedures, in addition 


units of 4 x 107$ cal gm sec}. 


to facilitating the computation, minimize the 
chance for error in estimating values from a 
contour analysis. 

The average heights above sea level of the 
earth’s topography were obtained using sectors 
of 5 deg. longitude and 5 deg. latitude. Con- 
tours of these values in hundreds of feet are 
used for S in equation 12. 


One of the major errors in obtaining a in 
equation 12 arises from the estimation of 
“instantaneous” tendency from maps spaced 
12 hours apart. In an effort to minimize this 
source of error, the terms in equation 12 were 
computed every twelve hours. These values 
were then averaged over five and fifteen day 
periods. 

The local changes tend to zero everywhere 
on such an average. However, there are some 
places where the values of the Jacobians are not 
randomly distributed and do not average to zero. 
In such places the magnitudes of the averaged 
Jacobian are sufficiently large, compared to the 
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averaged tendencies, that errors resulting from 
inaccurately estimated instantaneous tendencies 
assume a very minor role. 


A hemispheric map illustrating the average 


re d 
distribution of aQ for December 15—30, 1957, 


dt 


is presented in figure 9. The term involving the 
Jacobian of the terrain has not been included 
in this figure. Fig. 9 shows the largest “heat 
sources” near Korea, the Gulf of Alaska and the 
coastal waters east of Greenland. The major 
“cold” sources are found over Siberia, North- 
west Canada and Scandinavia. To assess the 
strength of these fields in other terms, the 
average temperature change associated with the 
non-adiabatic warming near Korea would 
amount to between 31/, and 4° centigrade per 
24 hours. 


Variations in the magnitude of dQ are closely 


dt 


related to changes in the flow patterns. As an 
illustration, differences in the 5-day mean 750 
mb contour patterns between the periods De- 
cember 26—30 and December 21—25, 1957 
are superimposed as solid lines in fig. 10 upon 


(obtained by averaging the 


changes of — 


dt 


Jacobians over the same two periods and sub- 
tracting). The letters “INC” refer to a higher 


average value of = for December 26—30 


than for December 21—25. The term “DEC” 
has the opposite connotation. In figure 10 the 


centers ofincreased — are, in general, located in 


dt 
advance of the positive 750-mb contour-change 
centers. Similarly the regions labeled “DEC” 
lead the centers of negative changes in the 
height contours. 

Note, in particular, the region over Central 
Asia where the observed 750-mb heights aver- 
aged approximately 1000 feet higher during 
December 26—30 than during December 21— 
25, 1957. This is also a region normally con- 
sidered as being a major cold source (see 
figure 9). To the east of an abnormally strong 
upper level ridge, established in conjuction 
with the aforementioned height rises, the nor- 
mally persistent “cold source” was observed 
to weaken considerably as evidenced by the 
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changes in dQ 


dt 
“non-adiabatic” heating was apparently as- 
sociated with the increased northerly wind 
components aloft which advected even colder air 
into this region, thereby, in essence, changing 
the region, normally considered a “cold 
source”, into a “heat source”. Other areas 
where large changes in “non-adiabatic” heating 
are observed to accompany changes in upper 
level circulation have been discussed by various 
authors, for instance, WINSTON (1955). 

These observations of the close association 
between heating and wind direction suggest 
that (although improvement in the model might 
be obtained by considering geographically 
fixed or seasonally averaged “heat”? and “cold” 
sources) some attempt should be made to 
introduce a heating function into the model 
which is free to change with the circulation 
pattern. If it is not found feasible to incorporate 
such a function directly into the forecast equa- 
tions, perhaps an empirical approach would be 
feasible. 

Purely speculating on this latter approach, 
since it has been found that some of the largest 
forecast errors are associated with wave num- 
ber 1 which is, in turn, related to the “eccentri- 
city” of the circumpolar vortex; (LASEUR, 
1954) perhaps an analysis or device which 
eliminates this eccentricity would minimize the 
large scale forecast errors. Alternately, assum- 
ing it can be shown that the “eccentricity” 
provides an index to the existing large scale 
patterns of “non-adiabatic” heating, perhaps 
empirically determined heating functions (bas- 
ed on data selected for a few well-marked, 
and widely-different, eccentricity patterns) 
could be computed and stored in the machine. 
Changes in the heating function could then 
presumably be made during the forecast by 
having the machine compute the eccentricity 
at various stages. Such procedures might con- 
ceivably provide an empirical mean of in- 
corporating a varying heating function into 
extended period forecasting. 

Currently, 1elationships between changes in 


d 

= and changes in the 24-, 48-, and 72-hour 
forecast error fields are being investigated. If 
a relationship exists, it is not readily apparent 


from a preliminary inspection. However, it 1s 


in figure 10. This change in 
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Fig. 10. À comparison between changes in circulation and changes in “non-adiabatic” heating. Solid lines show the 
difference in hundred of feet between the mean 750 mb contours for December 21—25, and December 26—30, 


TION" 5 . 
1957. The dashed and dotted isolines denote the averaged change of (7) in units of 4x 10% cal gm! sec"! between 
( 


these same s-day periods. 


believed that a study of the non-adiabatically- 
roduced divergence and vertical motion fields 
will throw additional light on this relationship. 
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Influence of the Environment on the Initiation of Precipitation in 
Tropical Cumuli over the Ocean” * 


By LOUIS J. BATTAN®, Department of Meteorology, The University of Chicago 


(Manuscript received December 10, 1957) 


Abstract 


An analysis has been made of the day-to-day variation of the likelihood of precipitation in 
cumulus clouds observed over the ocean in the vicinity of Puerto Rico. It is shown that the 
probability of rain in a cloud having a particular height depends on environmental conditions, 
and that the principal factors governing precipitation initiation are stability, vertical wind 
shear and depth of the moist layer. On the west side of polar troughs moving into the tropics, 
these parameters have values which make precipitation likelihood small. 


I. Introduction 


During the University of Chicago flight 
operations over the ocean in the vicinity of 
Puerto Rico, observations were made of the 
dimensions of a large number of cumulus 
clouds. At the same time, the clouds were 
examined by a vertically scanning 3-cm radar 
to ascertain whether or not they contained a 
precipitation echo. From these data, a study 
has been made of the day-to-day changes of 
the ability of clouds to produce rain. For 
convenience the term “rainability” is used to 
designate the probability of precipitation in a 
cloud having a specified characteristic such 
as height or temperature. 


2. Interdiurnal variability of cumulus cloud 
rainability 

Studies of precipitation in cumulus clouds 
have shown that when rainability is plotted as 
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Fig. 1. Schematic representation of the probability of 
precipitation as a function of the cloud top height. 


a function of cloud top height, it has a distribu- 
tion of the general form shown in Fig. 1. In 
clouds having tops at some low height it is 
zero, and in clouds with tops at some great 
height it approaches or becomes one. Studies 
of cumulus rainability have been made in 
various regions in the world. Mason (1954) 
and BATTAN and BRAHAM (1956) have sum- 
marized much of the available material. Be- 
cause of the limited amount of data, little is 
known about the interdiurnal variation of the 
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Fig. 2. Histograms of the fractions of clouds within 1000 ft height intervals which contained a precipitation 

echo (upper part of diagram). Vertical time sections for San Juan, P.R., showing positions of inversions (heavy 

solid lines), and stable layers (heavy dashed lines), relative humidity (light solid lines), and mixing ratio (light 
dashed lines). 


rainability distribution. The cloud observations 
collected in the Caribbean area permit an 
examination of these changes and a study of the 
medium- and large-scale factors govern- 
ing them. In the upper part of Fig. 2, histo- 
grams have been drawn showing the fraction 
of oceanic cumuli within certain height inter- 
vals which contained precipitation echoes. It 
can be seen that on January 6, April 7, and 
April 9, small cumuli did not contain precipita- 
tion. Although the number of clouds observed 
on these days is small, it seems reasonable to 
conclude that the rainability curve can be 


considered to be shifted to the right. 


3. Environmental influence on precipitation 
formation 


In examining the reasons for the observed 
day-to-day changes, Byers and HALL (1955) 
who used the same data presented here, plotted 
the smallest cloud which contained an echo as 
a function of the relative humidity at 650 mb 
and the thickness of the stable layer. They found 
that, in general, a shallow moist layer and a 
thick stable layer inhibited precipitation. To 
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examine this relation in more detail, time cross 
sections showing the humidity distribution and 
stable layers were drawn for the periods on 
which cloud data were available for at least 
two consecutive days, Fig. 2. It can be seen 
that generally these cross sections support the 


MINIMUM CLOUD DEPTH — 1000 FT 


Temperature at cloud base = 20°C 


4 

3 zi | | J 

I 2 =) 4 5 6 fc 8 
VERTICAL VELOCITY — M/SEC 


Fig. 3. Depth of cloud needed for the production of 

precipitation by coalescence as a function of updraft 

speed for clouds with drops of radii 20, 30 and 40 microns 
in the cloud base. (From LUDIAM, 1951) 
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Fig. 4. Vertical time sections for San Juan, P.R., showing isopleths of A T, the temperature difference between 
moist adiabatically rising air and the environment air at the same level. Positive values mean the cloud is warmer 
than the environment. 


conclusions drawn by Byers and Hall; how- 
ever, there are exceptions. Also, since most of 
the clouds involved were below about 700 mb, 
there is some question as to whether the 
moisture and stable layer differences play the 
major role in causing the day-to-day variations. 

Lupram (1951) studied the growth of rain by 
coalescence and presented. the diagram shown 
in Fig. 3. The curves were calculated on the 
assumption that cloud bases were at a tempera- 
ture of 20°C and the liquid water content 
averaged 2 g/m?. Both values seem reasonable 
for the cumuli considered here. It should also be 
recalled that the large concentration of large 
salt nuclei in this area are sufficient to produce, 
by condensation, an adequate number of drops 
in the range 20 to 40 microns radius to lead to 
precipitation (Woopcock, 1953; LODGE, 1955). 
It is evident that the strength of the updraft 
plays a major role in determining the depth of 
cloud needed for precipitation. Unfortunately 
updraft measurements in these clouds are not 
available. However, one can make estimates of 
their maximum values from the parcel-method 
theory of convection. 

In order to calculate vertical velocities, it 
was assumed that the air moving through the 
cloud base had an upward speed of 1 m/sec. and 
was saturated at the temperature of the environ- 


ment at the same level (2000 feet, 20° C). The 
parcel was then permitted to rise moist adi- 
abatically. Temperature differences between 
cloud and environment air were measured 
from an adiabatic chart and the vertical distribu- 
tion of vertical velocity was calculated starting 
from the well-known equation: 


dw 
a ¢ 


(T cloud— T environment) 
T environment 


The results of this analysis are shown in Figs. 
4 and 5. It can be seen that on the three days 
of low rainability there were centers of in- 
stability (large AT) below 700 mb. In Fig. s, 
these distributions of AT are reflected in the 
vertical velocities. It should be noted that the 
plotted values of w represent their upper limits 
because the parcel method neglects entrain- 
ment and vertical motions in the environment. 
Also, the liquid water in the clouds would 
reduce the vertical velocities. It appears that the 
maximum velocities are too great by a factor of 
about five. 

When the average velocities in the layer 
from the cloud base to 700 mb are plotted 
(center of diagram), it can be seen that maxi- 


mum values of w occurred on each of the three 
days of low precipitation likelihood. However, 
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Fig. 5. Vertical time sections showing the distribution of calculated vertical velocity using values of AT shown in 
Fig. 4. Entrainment, environment motions and humidity differences not considered. Assumed velocity at cloud 


base of I 


m/sec. At center of diagram is a plot of the mean vertical velocity between the cloud base (2000 ft, 


T=20° C) and 700 mb. 


maxima of w also occurred on several other 

days. It is therefore necessary to find other 
Y ) 

parameters to explain why on some days with 


large w small clouds did not contain precipita- 
tion while on others (e. g., February 16 or 
April 5) some of the smaller clouds did contain 
precipitation. 

It has long been recognized that vertical 
wind shear affects the growth of clouds and 
precipitation. Markus (1952), for example, has 
studied the action of strong vertical wind shear 
in inhibiting cloud growth. Also, ACKERMAN 
(1956) has shown that the ability of a particular 
tropical cloud to produce precipitation echoes 
is a function of the vertical wind shear. The 
vector differences of the wind velocities at 
10,000 ft and 2,000 ft were obtained and the 
magnitudes of the differences were examined 
for the various days involved. From Fig. 6, 
it can be seen that the three days of low rain- 
ability can be isolated as days on which w and 
the vertical wind shear are high. 

The relative effects of wind shear and mois- 
ture are shown in Fig. 7. From the displacement 
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of the points representing January 6 and April 
7 and 9, it is apparent that the depth of the 
moist layer is a relevant and important factor 
in governing the size of oceanic cumulusneeded 
for precipitation. 


If one compares the depth of the moist 
layer and the mean vertical velocities on par- 
ticular days, it is found that on the three days 
with the shallowest moist layers, there were 
high values of the calculated vertical velocities. 
This result is a reflection of the fact that on 
these days the lapse rate below 700 mb was 
very unstable. Thus, those conditions which 
inhibit the development of rain in small cumu- 
lus clouds are a shallow moist layer, strong 
instability and strong vertical wind shear in 
the layer from the cloud base to 700 mb. 

In view of this discussion, it is evident that 
the environment within which the clouds 
develop governs the overall ability of clouds 
to produce rain, i.e., it governs the shift of the 
rainability curve. One might suppose that the 
microphysical properties of the clouds govern 
the shape of the curve. 


470 
18 
1/6 
+ 
ae 4/7 
o 4/5 es 4/9 
3 | 2/16 + Y 
i M 1/5 
RS + 
E 
an 2/15 4/6 
m) + 32 
> 2/17 
ey Wo) 
5 
= 4/8 
5 8 + 
> 
z 
a 
w 
= 


30 


25 


15 20 
— > 


VERTICAL WIND SHEAR | Vio.o00~Ve,000 FT| — KNOTS 


te) 5 10 


Fig. 6. The mean vertical velocity w and the magnitude 
of the vector difference between the winds at 2000 ft and 
10,000 ft. 


4. Large-scale flow pattern in the trades affect- 
ing the rainability 

It has been shown that on days with large 
instability and wind shear in the lower 10,000 
ft of the tropical atmosphere and a shallow 
moist layer, only large clouds or no clouds 
contained precipitation. The relationship be- 
tween these conditions and the flow pattern 
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Fig. 7. The pressure level of the isopleth of mixing ratio 
equal to 4 g/kg and the magnitude of the vector dif- 
ference between the winds at 2000 ft and 10,000 ft. 


over the tropics deserves attention. RIEHL (1954) 
has reported that in the winter and early spring, 
polar troughs aloft move into the tropical 
region and that on the west side of the troughs 
there is a general diminution of rain activity. 
Fig. 8 shows a vertical time section drawn for 
San Juan showing the upper winds. 


It is evident that the reduction of rainability 
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Fig. 8. Vertical time section showing winds aloft. Dashed line separates lower easterlies and upper westerlies. 
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on January 6, April 7 and 9 can indeed be 
attributed to the movement of polar troughs 
over the area involved. On each of the three 
days the winds at 700 mb and above shifted 
from the normal easterlies to the north and 
west. From a comparison of this diagram with 
Fig. 2, it can be seen that the polar troughs 
are accompanied by an inversion and a lower- 
ing of the moisture isopleths. Riehl has shown 
that as the air flows through polar troughs the 
horizontal shear and curvature effects lead to 
low level divergence and upper level conver- 
gence on the west side of the trough. The wind 
shift leads to an increase of the vertical wind 
shear and the divergence distribution accounts 
for a reduction of the depth of the moist layer, 
and an increase of the strength of the inversion. 
Also cooling aloft results in an increase of the 
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lapse rate below the inversion leading to greater 
instability. The combination of these factors, 
as shown earlier, lead to clouds which are 
incapable of producing precipitation unless they 
reach large dimensions. Because of the strong 
stable layer, dry air aloft and strong vertical 
wind shear, relatively few clouds will succeed 
in reaching the necessary heights and thus, 
relatively few, if any, clouds produce precipita- 
tion. 
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The Possible Use of Tritium’ for Estimating Groundwater Storage 


By ERIK ERIKSSON, International Meteorological Institute in Stockholm? 


(Manuscript received April 17, 1958) 


Abstract 


In view of a recent work by BEGEMANN & Lipsy (1957) their postulate on rapid mixing 
inside a groundwater body is examined. It is found that there are no possible processes 
which can accomplish such a mixing. Their observations can, however, be readily explained 
from a simple model of groundwater flow, assuming no mixing. Possible methods of using 
tracers like tritium for estimating groundwater storage are also discussed. 


I. Introduction 


BEGEMANN & Lipsy (1957) recently report- 
ed figures on the tritium content of Missis- 
sippi river water after the Operation Castle. 
The first sampled listed was taken nine months 
after the explosions and from that time to the 
beginning of October the following year the 
concentration in the Mississippi River was 
remarkably constant. This led Begemann & 
Libby to postulate a very rapid mixing of the 
fallout tritium with the groundwater body and 
were thus able to calculate the amount of 
groundwater from the average increase in con- 
centration of tritium in the Mississippi River 
and the estimated fallout of bomb produced 
tritium. The figure they arrived at, 7.7 m, 
may not be unreasonably high, yet the way 
it was arrived at may be critisized. The purpose 
of the present paper is therefore to discuss 
possible mixing mechanisms for water in the 
ground and evaluate their importance and to 
find some alternative ways of computing 
groundwater storage from river water data on 
tritium. 


1 Resarch associate of the Munitalp Foundation Inc., 
Use 


II. Mixing processes in the ground and 
ground water models 
a) The water in the ground 

When water enters as precipitation it is 
generally held up for some time in the upper 
part of the ground, i.e. in the soil proper, 
before it enters the region where all available 
pore space is filled with water, i.c. the ground- 
water region proper. The storage capacity of 
the soil may amount to 100 mm of precipita- 
tion or more and while in the soil part of the 
water is taken up by the plants and brought 
back to the atmosphere in the transpiration of 
plants which is the most important evapora- 
tion process over the land surfaces. The tritium 
precipitated will consequently also follow the 
same fate by and large except for a small 
fractionation effect. As no mixing between 
soil water and groundwater can be expected— 
the transport is rather one way-the tritium 
lost in evaporation will be about that contained 
in the same amount of precipitation. In the 
Mississippi Valley where evaporation amounts 
to two thirds of the precipitation, only one 
third of the estimated fallout from the Castle 
tritium can have reached the groundwater. 
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Generalised flow of ground woter 


Bic 2. 


This will, of course, reduce the groundwater 
storage calculated by Begemann & Libby to 
one third or 2.6 m, provided their postulate of 
rapid mixing within the groundwater body is 
correct. We will see later that other data 
support this lower figure. 


b. Groundwater flow and mixing processes 


It is well known that water flow in porous 
media under normal circumstances is non- 
turbulent or laminar as it is frequently called. 
This is so because frictional forces dominate 
completely over inertia forces. Streamlines in 
a non-turbulent flow can, of course, never 
cross and as*to streamsurfaces they never cut 
except along streamlines. From these simplerules 
and continuity considerations the streamline 
pattern in groundwater flow can be easily pre- 
dicted. The general arrangement of streamlines 
in a groundwater body can be pictured as in 
fig. 1. The streamline originating on the water 
divide branches at some depth and forms the 
bottom of the groundwater body. The upper 
boundary is, of course, the groundwater sur- 
face, or water table, where streamlines originate. 

It is apparent from fig. 1 that unless great 
dispersive forces are at work normal to the 
streamlines a chemical stratification of ground- 
water will occur when the composition along 
the water table changes with the distance from 
the water divide. Dispersive forces normal to 
the streamlines will tend to smooth this strati- 
fication. A chemical stratification can also be 
arrived at if the composition of groundwater 
at the water table changes with time as in the 
case of tritium fallout. In this case dispersive 
forces acting along streamlines tend to smooth 
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Generalized streamline pattern in the groundwater region. 


this stratification. It is well worth to consider 
both types of dispersions. 

In a non-turbulent flow the only dispersive 
force normal to the streamlines is molecular 
diffusion and it is well known from experi- 
ments where colored liquids have been used 
to trace streamlines that this type of disper- 
sion is very slow. The effect can be visualized 
by considering the characteristic length of 


diffusion YDt where D is the diffusion coeffi- 


cient and £ the time. In water solutions D is 
around 1 cm?xday 1 so for different times 


the following values of \/Dtcanbe anticipated: 
t in days L 4°16 64 256 1.024 4006 
VDM Te 4 1S 710 a 2 


It should be noted that in the diffusion from a 
surface source the concentration will form a 
normal distribution perpendicular to the source. 
Therefore one can anticipate that going along 
a streamline practically all molecules considered 
at t =o will be found within a width of 


60 = 8.4 : VDtatthe time t. Ina year a stream- 
line will have “spread” about 100 cm but 
streamlines lying 100 cm apart would still be 
recognizable if they originally had different 
chemical properties. The effect of diffusion 
normal to streamlines are nicely demonstrated 
in a field experiment by GUSTAFSSON (1946). 
A line of sodium chloride was put into the 
soil at 2.0 and 5.0 m distance from a tile drain 
and one year later soil samples were taken at 
different points in the soil and analysed for 
chloride. The result is shown in fig. 2 and as 
seen the “spread” of the streamlines in a year 
is about the same as predicted above. 
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Fig. 2. Effect of diffusion normal to streamlines. Large circle, position of tile drain. 
Black rectangels, position of sodium chloride lines (at 2 and 5 m distance from the 
tile drain respectively). Shaded areas: chloride ion concentrations in qualitative 
degrees found in the soil one year after application of sodium chloride. Note: this soil 
has a large capillary effect so the water table is practically at the surface all year round. 


It is obvious that molecular diffusion along 
streamlines cannot exceed that normal to 
streamlines and is therefore negligible. Butthere 
are other dispersive forces to consider along 
streamlines due to the nature of laminar flow. 
These have recently been discussed by the 
author (1958) and the following discussion is 
mainly based on that paper. 

It is clear that on a microscale in a soil the 
velocity along a streamline will vary from 
point to point depending on at which distance 
from a soil particle the streamline passes. The 
velocity distribution in a pore will be some- 
thing like that in a capillary and often capil- 
laries have been used as models for water flow 
through porous media. As to soils two cases 
can be distinguished. The arrangement of 
particles may be completely at random and 
this will give a complete random arrangement 
of pores. The soil will in other words show 
isotropic properties with respect to water flow. 
Streamlines would have no preferred direction 
and the average velocity along any streamline 
would be the same. However, due to the vary- 
ing velocities along the streamlines an initially 
plane front would develop into a topographi- 
cally very rough surface of ever changing 
pattern but important is that the topographical 
variation would be limited to some value de- 
termined by the particle size and it would be 
independent on the length of travel of the 
front. The originally plane front can be regard- 
ed as a highly improbable configuration of this 
changing surface. Under such circumstances 
the mixing along streamlines would have but 
small effect in a groundwater body. 


The conditions would be different if the soil 
behaved anisotropically with respect to water 
flow. One can easily imagine a highly aniso- 
tropic system by considering pores being ar- 
ranged as parallel capillary tubes. In this case 
the permeability of the soil to water in any 
other direction than along the capillaries would 
be zero. The deformation of an originally plane 
front would increase linearly with the length 
of travel. As the maximum velocity in a 
capillary tube is twice the average a consider- 
able bulk mixing could take place. But even 
so, it could not complete the mixing of the 
Mississippi groundwater within a few weeks 
if the residence time of this water is to be 
measured in years. 

It is, however, possible to conceive of a 
mixing process on a larger scale in a soil that 
is made up of strata of different permeability. 
But this does not really mix the water inside 
the groundwater body. The mixing can take 
place only in the water course. It merely 
means that the time it takes for a water parcel 
to reach the water course is not always a 
simple function of the way of travel. 

In summarizing it seems safe to conclude that 
mixing of groundwater is highly unlikely and 
that the observed constancy of tritium in the 
Mississippi river water must be explained in a 
different way. A possible mechanism will be 
given below. 


c. Stationary flow in an idealized model 


The general model in fig. 1 can be idealized 
by assuming the groundwater body to be 
wedge like with streamlines running parallel 
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Fig. 3. Idealized model of groundwater flow with constant permeability. The heavy 
shaded area pictures the position of a tritium rich layer immediately after applications. 


as in fig. 3. Further it is assumed that the perme- 
ability of the soil is the same everywhere inside 
the groundwater body and that mixing pro- 
cesses can be neglected. During a certain time 
interval, water with a much higher tritium 
content is added to the groundwater surface, 
forming a stratum as indicated in fig. 3. This 
stratum will obviously move in the direction 
of the streamlines with constant velocity but 
will not show any deformation like bending. 
Consequently, the excess tritium will be fed 
into the water course at a constant rate as long 
as there is any left of the stratum. The con- 
centration of excess tritium in the river water 
will therefore remain constant. Thus, already 
the simplest possible model of groundwater 
flow will give the constancy of tritium actu- 
ally observed. It can, further, be derived 
from this model that the average groundwater 
storage is only half of that derived in the way 
Begemann & Libby did. 

The idealized model in fig. 3 can, however, 
be improved, still giving a reasonable constancy 
of tritium in river water during a shorter 
interval. It is likely that the permeability of 
the water-bearing strata decreases with depth. 
This would lead to very long travel times for 
groundwater originating near the water divide. 
A tritium stratum like that in fig. 3 would then 
no longer move with the same velocity in its 
different parts but will be deformed so that the 
rate of tritium delivery to the water course 
decreases with time. Consequently, the tritium 
concentration in the river water will also 
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decrease with time. It is quite conceivable that 
the actual tritium concentration will fall off 
exponentially with time or, at least, its varia- 
tion with time can be approximated by an 
exponential function. This is of considerable 
interest because this effect is exactly that of very 
rapid mixing. 

It is thus seen that in the case of interpreting 
tritium data from river waters, the postulate 
of rapid mixing though unsatisfactory from a 
physical point of view may be a good approxi- 
mation to conditions in the field. In the case 
of well waters, however, the postulate of rapid 
mixing may lead completely astray. This is 
very obvious from Begemann and Libby’s 
discussion on well and spring water tritium. 


II. Possible methods of estimating ground 
water storage by means of tracers 


In the preceding section we concluded that 
rapid mixing in groundwater most unlikely 
takes place. The nature, however, of the 
groundwater flow can be such that when 
groundwater from various strata are mixed in 
the water courses, it behaves chemically as if 
the mixing had taken place in the ground- 
water body. Two idealized models of ground- 
water flow have been presented and their 
merits will be discussed further in this section. 
It seems, however, possible to reconstruct the 
groundwater flow from empirical data and 
basing upon such a reconstruction to make a 
much more satisfactory estimate of the ground- 
water storage. This is, however, limited to 
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cases where the addition of a tracer is instan- 
taneous. 


a. Continuity considerations in groundwater flow 


Consider a drainage area of any size with 
any number of branches of a common outlet 
water course. Suppose further that the travel 
times of water in the water courses inside the 
area are short compared to the travel times 
for water in the groundwater region. 

Under stationary conditions a water parcel 
starting from a surface element dS of the 
groundwater surface will spend a certain time 
T in the groundwater before it reaches a 
water course. If the rate of run-off from this 
area dS is R per unit area the continuity 
requires that the storage of water along the 
path of the water parcel (a streamline) is 


(1) dW= RT ds 
where dW is the amount of water stored. 


Within the whole area S, the total storage 
will consequently be 


So 
w- | RTds 
0 


The travel times T from various surface ele- 
ments can be arranged after increasing values 
as to form a monotonic function of S which 
then can be looked upon as the surface area 
where travel times are equal to or less than the 
value T. In this way T can be represented as 
a function of S and for S= S, we will have 
T= T,. Fig. 4, curve A, gives à generalized 
picture of such a function T of S. If R in eq. 
(2) should happen to be constant it is seen 
that the total groundwater storage is equal to R, 
the rate of run-off per unit area, times the 
surface area below curve A in fig. 4 between 
Sd did Ol oe 

It is also obvious from fig. 4 that S can be 
regarded as a function of T and be formulated 
S = F(T). In the case of the idealized models 
discussed previously F(T) can be explicitly 
formulated. When the travel times are linearly 
proportional to the distance to the water 
course and the water courses are regularly 
spaced, this function is simply 


2) 
u u 
(4) So tT, 


whereas in the second case the relation would 
read 


(2) 
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Fig. 4. The relation between T and S for different cases. 
Curve A: Generalized relation. Curve B: Idealized model 
with constant permeability. Curve C: Idealized model 
with exponential relation between S and T. 


(s) 


In fig. 4 the relation in eq. (4) is represented 
by the straight line Band eq. (5) by the curve 
C. We have thus two idealized cases and a 
generalized case represented in fig. 4, and we 
will next investigate how they can be used. 


ses. en 


b) Stationary flow and steady-rate addition of non- 

conservative tracers 

By non-conservative is meant substances 
that either are added or subtracted in the 
groundwater region. Tritium belongs to this 
category as it disintegrates radioactively. Any 
other radioactive substance added at a con- 
stant rate to the groundwater surface could 
be used as a tracer in this connection. Also 
radioactive substances added inside the ground- 
water region could be used if the rate of 
addition was known. Other non-conservative 
compounds are oxygen and carbon dioxide 
but also here the rate of consumption or 
addition has to be known. It is thus seen that 
there are many possibilities to be explored 
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but at present only the addition of radio- 
active substances produced naturally in the 
atmosphere will be considered. 

If the concentration of the tracer at the 
groundwater surface is denoted by C and the 
travel time from a surface element dS is T, 


then the concentration in the same water 
parcel when arriving at the water course is 


(6) C, = C:e4T 


where A is the decay constant of the tracer. 
The average value of Cr will consequently be 


when R is regarded as constant. It is seen that 
it is not possible to reconstruct the function 
S = F(T) but if its general form is postulated, 
it is at least possible to determine a parameter 
of the function. Chosing the idealized models 
in fig. 5, the “linear” model eq. (4) gives upon 
integration 


(8) a = ARS =; 


where w is the average groundwater storage 
per unit surface. 

In the case of the “exponential’’ model 
(eq. 5) we get 


Tice 
(9) SRE 


which, of course, is the same as if rapid mixing 
of the groundwater was postulated. 

It may be of interest to compare these two 
models. The ratio w/R can be calculated for 
different C,/C using 1/A = 18 (as for tritium). 
The result is shown below 


ONE OFERO. ZERO 70.50 10.07 10.17, O78" (0.9) 


w/R(eq.8) 90 
w/R (eq.9) 162 
w/R can be interpreted as the turnover time 
for the groundwater. It is seen that the two 
models do not give too different results for 
turnover times up to the half life of tritium 
but for larger values the differences become 


appreciable. Thus, as long as C,/C is greater 
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than 0.6, it does not really matter which model 
is chosen. 


c) Stationary flow and instantaneous addition 


Suppose a tracer, not necessarily radioactive, 
is added to the groundwater surface uniformly, 
at time t = o. At time T from the addition a 
surface S = F(T) has delivered its tracer 
already to the outlet whereas the surface 
So—S has not delivered any. If the amount 
of tracer added per unit area at time t = o is 
M then the rate of discharge in the run-off, m, 
of the tracer per unit area at time f = T can 
be derived from fig. 4, curve A, and becomes 


(10) m = Ar ds 
So GL 
From this 
(11) dS = 5s mdT 
and 
m 


By determining m at regular intervals the 
integral / mdT can be constructed as a function 


0 
of T and consequently, S = F(T) can be re- 
constructed. If T is plotted as a function of 
S like that in fig. 4 and R, the rate of run-off, 
is assumed to be constant, then, of course, the 
total groundwater storage can be estimated 
from eq. 2. 

It is thus seen that this method makes it 
unnecessary to postulate any property of the 
function S = F(T) and gives actually a good 
insight into the drainage conditions in any 
area where the method is applied. 

A question arizes how long time is needed 
to complete such an investigation. Apparently 
it has to be continued until the zero level of the 
tracer is approached and this will depend upon 
the actual storage or turnover time as well as 
on the nature of the function S = F(T). If 
the turnover time of the groundwater is say 
10 years, then at least 20 years of observation 
are needed, perhaps more. If a radioactive 
tracer is used, a correction for the decay has, 
of course, to be done. 

A practical question in connection with 
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instantaneous addition of a tracer is how 
absorption of the tracer by the soil material 
will affect the results. Due to absorption a 
front of a tracer will move at a lower velocity 
than the velocity of the water, a phenomena 
well known and taken advantage of in chro- 
matography. KAUFMAN and ORLOB (1956) have 
investigated this effect for a number of sub- 
stances. In the case of tritium the absorption 
will be proportional to the amount of hygro- 
scopic water in a soil and the retardation of 
the front will be proportional to the ratio of 
hygroscopic to total water. The effect can 
normally hardly exceed 10 per cent and it is 
doubtful whether the estimate of ground- 
water can be made with this accuracy anyway 
so the error would not be too pronounced. 


d) Discussion 


In all derivations done in this section, 
stationary conditions of groundwater flow 
have been postulated. This is, of course, an 
approximation to actual conditions though 
probably not serious. The main mass of ground 
water is probably but little effected by seasonal 
variations in rainfall and evaporation and 
normally, the soil through which the water 
has to move before reaching the groundwater 
surface acts as a buffer, smoothing the irregular 
addition of water to the ground. Even if the 
water table shows variations in depth, one 
would not expect the streamlines to be much 
affected in their course, and it is always 
possible to imagine an average travel time 
from each surface element. Actually the areas 
with the shortest travel times will be most 
affected by periodic variations in the rate of 
supply of water to the groundwater surface 
but on the other hand these contributes least 
to the groundwater storage. Seasonal varia- 
tions in rainfall can therefore not be expected 
to invalidate the derivations made. 
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More serious are secular variations. In 
humid regions, however, they are normally 
small but in arid regions with very irregular 
annual rainfalls, they may invalidate the equa- 
tions derived. 

There are very few data available yet to 
demonstrate the applicability of the equations 
derived. There are, however, some pre-Castle 
tritium data on rain and Mississippi river water 
published by von Burrrar and Lissy (1955) 
which can be used in equations (8) and (9). 
They give average values for Chicago rain- 
water and Mississippi river water collected at 
Rock Island and at St Louis. As a check on the 
rainwater value they calculate the average 
tritium in rainwater from the tritium con- 
centration in Lake Michigan knowing the 
volume of this lake. The averages are: 


Chicago rainwater, weighted average 
Oro Om ty ed 

Calculated from Lake Michigan tritium 

TA + 10 AS TUE 

Mississippi river water: Rock Island 
ATP TOL Ed 

Mississippi river water: St Louis 
60-10 21128 

Average for rainwater 7.8: 10 TRE 


Average for river water 5.3: 1018 T/H 


Using eq. (8) with R = 24 cm: year! and 
1/A = 18 years, gives w = 184 cm. With eq. 
(9) and the same R and A, w = 204 cm. It 
seems therefore not too unreasonable to believe 
that the average groundwater storage in the 
Mississippi Valley is about 2 m. This is some- 
what less than 1/, of the estimate by Begemann 
and Libby, the discrepancy being largely due 
to their postulate of rapid mixing of ground- 
water before evaporation and possibly also due 
to an overestimate of the total fallout as 
discussed recently by BoLIN (1958). 
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Abstract 


Various gaseous pollutants including ozone, nitrous oxide, nitric oxide, nitrogen dioxide, 
methane, hydrogen, formaldehyde, ammonia, hydrogen sulfide, mercaptans, chlorine com- 
pounds and free radicals can be formed by natural processes such as ultraviolet photochemical 
processes in the upper atmosphere and microbiological processes. The modes of formation and 
destruction of these gases, especially of their concentrations in the atmosphere, and the various 
reactions in which these gases can participate with each other are discussed in detail. 


I. Introduction 


The concentration of pollutants within a 
given political or geographical urban area can 
arise (1) from combustion or industrial process 
sources within a given area, (2) from similar 
sources outside the boundaries of that area 
or, (3) from natural processes taking place over 
large areas of the earth’s surface or upper 
atmosphere. The pollution arising from man- 
made sources outside a given area may come 
from nearby cities or industrial areas. But the 
pollutants may also come from distant sites 
not at all obvious, and perhaps only occasion- 
ally offenders, under special meteorological 
conditions. 

Even if all man-made sources of pollution 
could be completely eliminated, concentra- 
tions of many natural pollutants would remain. 
These concentrations therefore represent the 
lowest possible concentrations of pollutants 
achievable with perfect air pollution control 
devices. These natural concentrations also can 
be of some importance in the calibration of air 
pollution instruments. Since many of these 
gaseous pollutants react with each other and 
undergo photolysis in the presence of sunlight, 


Tellus X (1958), 4 


the discussion of these reactions is necessary 
fully to appreciate the overall situation regard- 
ing gaseous pollution. 


The gaseous pollutants are generally in the 
range below 100 parts per million and, except- 
ing carbon monoxide, the individual gases 
exist at no more than several parts per million 
and usually in considerably lower quantities. 
The major atmospheric gases, including nitro- 
gen, oxygen, argon, water vapor and carbon 
dioxide, are excluded from this discussion. It 
is, of course, true that at high altitudes, in the 
midst of severe fires or during volcanic erup- 
tions, the concentration of major atmospheric 
gases may be so affected as to result in a situa- 
tion detrimental to health and often to life. 
However, such situations are not of concern 
from the urban pollution standpoint. There- 
fore, the gases which constitute possible hazards 
to the health of the community are generally 
present in almost insignificant amounts from 
the usual viewpoint. These gaseous pollutants 
may be taken as identical with the trace gases 
in the atmosphere if we exclude helium, neon, 
krypton, and xenon from discussion because 
of their chemical inertness. 
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The major natural processes which can result 
in gaseous pollutants include ultraviolet photo- 
chemical reactions in the upper atmosphere, 
microbiological reactions and the escape of 
gases from openings in the earth’s surface. 
Minor natural processes include such sources as 
lightning strokes and the forest fires they may 
cause. The gases known to be produced by such 
processes in measurable amounts include ozone, 
nitrous oxide, methane, and hydrogen. Very 
small quantities of nitric oxide and nitrogen 
dioxide, formaldehyde, ammonia, hydrogen 
sulfide and mercaptans and gaseous chlorine 
compounds should be present in the atmos- 
phere as a result of natural processes. Interesting 
also are the small but important amounts of 
free radicals involved in upper atmosphere 
photochemical reactions. Sulphur dioxide and 
iodine are not discussed since only man-made 
sources of pollution appear to exist. 

It is important to note that ultraviolet radia- 
tion plays a significant role in natural processes 
as it does in some urban pollution situations. As 
a consequence, the types of reactions, reaction 
rates, and the concentrations of reactant and 
product gases most certainly differ in a complex 
fashion between day and night. 

In the following sections, the methods of 
production, destruction, and the concentrations 
of the various individual trace gases will be 
discussed. It will be obvious that the informa- 
tion available varies widely from gas to gas. 
Since ozone is quite possibly the most im- 
portant trace gas and also the one about which 
we have the most information, it will be 
discussed first. 


I. Ozone 


Ozone is by far the most important natural 
trace constituent of the atmosphere. It is formed 
almost exclusively by photochemical reaction 
in the upper portion of the ozonosphere (above 
20 or 30 km.). In the Runge-Schumann con- 
tinuum below 1750A, it is accepted that ozone 
is formed by the following reactions (VOLMAN, 
1956a; BRINER, 1956) | 

0, (E5)-+0 (P) +0 (D) 


where O (®P) is the ground and O (D) an 
activated state, ozone is then formed by the 
three-body reaction 


O,+0+M->0,+M 
where M is the third body. 
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The Runge-Schumann banded structure 
exists between 1760 and 1925A. Ozone is 
produced by irradiation from 1750 to 2000 or 
2100A at atmospheric pressure (BRINER, 1956). 
The formation of ozone in this region apparent- 
ly involves the transition O,(?2'g) > O, (25) 
followed by the reactions (VOLMAN, 1956a, 
1956b; FLORY, 1936) 

©, (55) +O(8P) + O (SP) 
0,+0+M-0,+:M 


An alternative mechanism which has been 
proposed involves O, molecules (BRINER, 1956) 


0,>0,+O0(!D) 


followed by the three-body reaction given 
already. 

There appears to be considerable evidence 
for O, at high oxygen pressures and in liquid 
oxygen (Lewis, 1925; WuLr, 1927). The O, 
molecule has a continuous absorption band to 
2400A and band spectra to above 2550A (WULE 
1927). Ozone is formed from oxygen at high 
pressures with 2530A radiation. However, 
at atmospheric pressure, only about 0.03 per- 
cent O, would exist (Lewis, 1925) and at the 
pressures in the upper ozonosphere a very 
negligible amount of O, would be present. 

The ozone formed is itself photolyzed be- 
ginning at about 3500A by the reaction 


O,>0,(8Z5) + O(D) 


Ozone also is decomposed by reaction with 
atomic hydrogen above 70 km. Section IX. 
In the lower atmosphere near ground level, 
ozone is, decomposed by reaction with gaseous 
organic molecules associated with urban pollu- 
tion, particulate matter, and with vegetation. 

Ozone appears unique in its formation of 
stratified layers in the atmosphere (G6rz, 1951). 
The primary layer is formed at 20 to 30 km. 
high (PAETZOLD, 1955), but at times a secondary 
layer is found at 10 to 20 km and a tertiary 
layer at about 5 km up in the troposphere 
(PAETZOLD, 1955). Balloon observations at 
Weiszenau (48° N) and in Greenland show 
ozone maxima (cm O,/km) at 23 km, 15 km, 
and 6 km. The maxima at 15 km and 6 km 
appear in the spring and disappear in the fall 
of the year. 

The portion of total ozone above a given 
altitude drops rapidly with increasing altitude. 
About 90 percent of the atmospheric ozone 
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is below 35 km, 99 percent is below 45 km, 
and 99.9 percent below about ss km. (JoHNsoN 
ET AL., 1952). 

The ozone concentration in the ozone layer 
between 20 and 30 km reaches 5 to 10 parts 
per million by volume. In the tertiary layer in 
the troposphere the ozone concentration reaches 
0.1 to 0.2 parts per million by volume. In 
most locations near the earth’s surface the 
ozone drops down to 2 or 3 parts per hundred 
million by volume. This value of 2 or 3 pphm 
by volume has been confirmed by infrared 
(TAYLOR and VATES, 1956, 1957; BIRKELAND, 
ET AL., 1957), ultraviolet (BAUM and DunktL- 
MAN, 1955; STAIR, ET AL., 1954), and chemical 
measurements (HAAGEN-SMIT, 1955) in loca- 
tions distant from industrialized urban centers. 

The total amount of ozone in 1 cm? column 
can be as much as 4 mm (NTP) (Dosson, 
1950). Usually, the total ozone is near 2 mm 
(NTP) (JOHNSON, ET AL., 1951, 1952). The 
total ozone concentration through the atmos- 
phere shows variations dependent on the season 
of the year and on the latitude of observation 
(Götz, 1951; DoBsoN, 1950). The ozone 
appears to peak in the early spring and declines 
to its minimum value in the late fall and early 
winter months in both hemispheres (Dosson, 
1950). The seasonal variation in ozone con- 
centration can be as great as 60 percent (DoB- 
SON, 1950). The total ozone minimizes at the 
equator, reaches a value about so percent higher 
at 60° N and 60°S and drops off again at 
higher latitudes (Götz, 1951). The variation 
with latitude is more marked in the spring 
than the autumn. 

Significant changes in ozone concentration 
with the movement of weather fronts have 
been reported (STAIR, ET AL., 1954; DOBSON, 
1950). Such variations have been observed in 
ground level measurements of ozone on the 
North American continent (STAIR, ET AL., 
1954) and in total atmospheric ozone over the 
continent of Europe. 

Relatively little data is available on night- 
time ozone concentrations. A substantial in- 
crease in ozone has been measured during the 
night hours with much of the increase occur- 
ring right after sunset. A corresponding decrease 
at sunrise also was noted (RAMANATHAN and 
MURTHY, 1953). 

Several different theories have been advanced 
to account for the ozone concentrations found 
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in the troposphere. Probably the most widely : 
accepted theory proposes that the ozone in the 
lower atmosphere results from downward 
transport from the upper atmosphere. A second 
theory suggests that the ozone in the tropo- 
sphere is formed by electrical disturbances 
(CAUER, 1954). Finally, it has been proposed 
that the ozone near the surface actually is the 
result of photolytic reactions involving urban 
pollutants as in the Los Angeles area. It would 
seem probable that all three processes could 
contribute to the total ozone content. 

This brief discussion of atmospheric ozone 
does not presume to cover completely all the 
aspects of this subject. More complete reviews 
are available elsewhere (Götz, 1951). 


II. Nitrogen Oxides 


A. Nitrous Oxide 


Both infrared (ARNOLD, 1954) and mass 
spectrographic (TAYLOR, ET AL., 1948) and 
combustion (KRIEGEL, 1944) analyses have 
shown that nitrous oxide is evolved in appreci- 
able quantities from soils under anearobic con- 
ditions. The infrared analyses were performed 
both on laboratory soil samples and in the 
field (ARNOLD, 1954). Poorly aerated soils 
which are approaching saturation with moisture 
rapidly release large amounts of their available 
nitrogen as nitrous oxide. 

It has also been proposed that nitrous oxide 
is formed by the reaction of molecular nitrogen 
with ozone in the ozonosphere (about 10 to 
45 km) and at ground level by the following 
reactions (HARTECK and DONDES, 1954): 


N,+0O+M-N,0 +M 
where M is a third body, and 
N,+0,*-N,0 + O, 


where O,* is an activated ozone molecule. 
The laboratory kinetic data available (HARTECK 
and DONDES, 1954b) indicate that a slow reaction 
does occur between ozone and nitrous ozide. 
Similarly, the reaction of molecular nitrogen 
and atomic oxygen can occur in the upper 
atmosphere above 80 km where relatively large 
atomic oxygen concentrations are available. 
Above about 45 km, little ozone is available 
for reaction since the frequency of ozone- 
forming collisions decreases much more rapidly 
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with increasing altitude than does the molecular 
oxygen concentration. 

Nitrous oxide would be destroyed by pho- 
tolysis owing to radiation below 2100A (ZELI- 
KOFF and ASCHENBRAND, 1954; ZELIKOFF, ET 
AL., 1953), by the following reactions: 


NON, +0 
O+N,0>2NO 
O+N,0-N,+ 0, 
O+0+M+0,+M 


Radiation of this wavelength would penetrate 
to the top of the ozonosphere. 

The presence of nitrous oxide in both the 
upper atmosphere and at ground level and of 
world-wide distribution has been confirmed 
by infrared (ADEL, 1939, 1951a, 1952; SHAW, 
ET AL., 1948, 1951, 1952; MIGEOTTE, 1948; 
MCMATH and GOLDBERG, 1949; GOLDBERG and 
MÜLLER, 1953) and mass spectrographic meth- 
ods (Stopop and KrocH, 1950). All three 
nitrous oxide infrared bands have been identi- 
fied (ADEL, 1952). There is no indication of a 
layer or layers in the region above about 15 
km (GOLDBERG and MÜLLER, 1953). Some re- 
sults suggest a greater concentration of nitrous 
oxide near ground level (ADEL, 1951). The 
amount of nitrous oxide at ground level as 
determined by mass spectrographic analysis 
is 0.5 (40.1) ppm by volume (Srosop and 
Krocu, 1950). Recently, ground level infrared 
measurements over long path lengths have 
been analyzed (Taytor and Yates, 1956; 
BIRKELAND, ET AL., 1957) giving N,O con- 
centrations of 0.5 (+0.1) ppm which is in 
excellent agreement with the mass spectro- 
graphic result. However, ground level infrared 
measurements made at Columbus, Ohio gave 
concentrations of only 0.28 ppm by volume 
(BIRKELAND and SHAW, 1957). If nitrous oxide 
is the result of microbiological processes (see 
below), then it would not be surprising if its 
concentration varied with location and with 
season of the year. 

The infrared measurements of the solar 
spectrum show a total of around 3 mm of 
nitrous oxide at NTP (Kurprr, 1952). This is 
about the same total concentration as that of 
ozone in the atmosphere. 

Rough calculations indicate that the release 
of nitrous oxide by the soil can account for the 
concentration of nitrous oxide observed in the 
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atmosphere (ARNOLD, 1954; GOODY and WAL- 
SHAW, 1953). The infrared results appear to 
favor evolution of nitrous oxide by the soil as 
the major source of nitrous oxide in the atmos- 
phere (ADEL, 1951; Goopy and WALSHAW, 
1953). However, -more information on the 
vertical distribution of nitrous oxide would 
be highly desirable. More data on the kinetics 
of the nitrogen-atomic oxygen and nitrogen- 
ozone reactions are needed also. 


B. Nitric Oxide and Nitrogen Dioxide 


Little is known about the formation of nitric 
oxide and nitrogen dioxide from natural 
sources. The presence of measurable quantities 
of the other nitrogen oxides such as NOs, 
N,O,, and N,O; in the atmosphere seems 
doubtful. 

It has been established that nitric oxide (and 
nitrogen dioxide by air oxidation) is formed 
under anaerobic conditions in silos containing 
corn, alfalfa, and cabbage (Lowry and ScHu- 
MAN, 1956; PETERSON, ET AL., 1956). Several 
hundred parts per million of nitrogen dioxide 
have been detected in silos immediately after 
storage of silage (Lowry and SCHUMAN, 1956). 
The process apparently involves the reduction 
of nitrates to nitrites by forage bacteria (PETER- 
SON, ET AL., 1956). The nitrites are converted to 
nitrous acid which breaks down to nitric oxide. 
Just how widespread such bacteriological proc- 
esses are on the earth’s surface is difficult to 
estimate. Measurements for nitric oxide of soil 
samples under various experimental conditions 
would be most desirable. 

Some nitric oxide also can be formed in the 
upper atmosphere through the photolysis of 
nitrous oxide. Laboratory experiments indicate 
that about $ to 10 percent of nitric oxide is 
formed upon photolysis of nitrous oxide at 
1850A (and up to 2000A) probably by means 
of the following reactions (ZELIKOFF and 
ASCHENBRAND, 1954): 


N,O>-N,+0 
O+N,O0>2NO 


From the second reaction it is evident that 
nitric oxide could be formed by direct attack 
of atomic oxygen on nitrous oxide at altitudes 
above about 80 km. 

Nitrogen molecules can be ionized and dis- 
sociated by ultraviolet radiation below 800A 
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and by the X-ray bombardment (BryaM, ET 
AL., 1954) in the E-layer above 100 km (Nico- 
LET, 1955a). Nitric oxide can then be formed by 
the reaction 


N+O+M>NO+M 


Small amounts of nitric oxide are also formed 
by electrical storms. 

Theoretical consideration of the formation 
of the ionized D layer in the ionosphere (80— 
100 km) indicates that the process 


NO +hy>NO?+ + e- 


could well account for the major portion of 
the ionization assuming approximately 1018 
molecules/cm. (Bates and SEATON, 1950; 
Mirra, 1954; NICOLET, 1955a). Recent meas- 
urements of the radiation from nitric oxide 
release from a rocket at about 95 km indicate 
that an artificial ion cloud is formed (MarMo, 
1956). The results are claimed to be compatible 
with the formation of the D layer by the action 
of solar Lyman alpha radiation upon nitric 
oxide (BATES, 1952; MARMO, 1956). The twi- 
light and night air glow also may be due to 
the NO + ONO, reaction (NICOLET, 1955b; 
PRESSMEN, 1956), or to the N+O;>NO+O, 
(BARTH and KAPLAN, 1957). 

No certain indication of any fine structure 
due to the nitric oxide fundamental in the 
infrared has been found (SHAW, 1951a, 1952; 
MIGEOTTE and NEVEN, 1952); consequently, 
there are presumably less than 5 x 1017 mole- 
cules/cm? (MIGEOTTE and NEVEN, 1952). Theo- 
retical calculations result in estimates that there 
are 10!1 to 10!2 molecules/cm? at 80 km. 
(NICOLET, 1955a; Mirra, 1954; Bares and 
SEATON, 1950). Positive-ion and negative-ion 
spectrographs flown in a rocket showed NO,* 
from 93 to 131 km during daylight (JOHNSON 
and HEPPNER, 1956). A mass 46 peak probably 
due to NO, was detected between 88 and 80 
km with a neutral gas spectrometer (MEADOWS 
and TOWNSEND, 1956). 

Chemical measurements of nitrogen dioxide 
at remote sites in Florida and Hawaii give 
values between 0.1 and 1 pphm (JUNGE, 1956, 
1958). (me 

All of the evidence to date appears to indicate 
that nitric oxide and nitrogen dioxide are 
present in the atmosphere from natural sources 
but at concentrations of a few pphm or less. 

Since nitrogen dioxide is readily photolyzed 
by light beginning above 4000A, it is dissociat- 
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ed down to ground level. During daylight 
the NO, concentration should be much less 
than that of nitric oxide (Bates and SEATON, 
1950; Mitra, 1954; NICOLET, 1955b). At night 
the nitrogen dioxide concentration should build 
up rapidly by reaction of nitric oxide with 
atomic oxygen and ozone. Above too km the 
reaction of atomic nitrogen with oxygen might 
be a source of nitrogen dioxide. During the 
night the amount of NO, may exceed that 
of NO in certain portions of the atmosphere, 
especially the ozone layer (NICOLET, 1955a). 


IV. Hydrocarbons 


Hydrocarbons have been reported in urban 
atmospheres to concentrations as high as 1 to 
2 ppm (LITTMAN and Denton, 1956). Many 
of these materials are gasoline fraction hydro- 
carbons from automobile exhausts and petro- 
leum storage facilities. Incineration produces 
appreciable quantities of lower molecular 
weight hydrocarbons. The total hydrocarbon 
present includes paraffins, olefins, alkynes, some 
aromatics, and probably small amounts of 
cyclics and diolefins. 

In contrast, the natural sources of hydrocar- 
bons produce a much smaller range and variety 
of hydrocarbon species. In fact almost all 
natural processes produce methane as their 
major if not their sole constituent. Olefins are 
produced in extremely small quantities by 
natural processes with only one source in which 
they predominate. Aromatics, alkynes, and 
diolefins appear to result only in trace amounts 
from natural sources. It has been well establish- 
ed that methane is the principal hydrocarbon 
product of anaerobic bacterial fermentation 
of sewage (BusweELL and MUELLER, 1952; 
Grosse and Lipsy, 1948). Ethane, ethylene, 
acetylene, etc. are reported at concentrations 
between 7 and 0.1 ppm by volume (Buswerr, 
1954). Bacterial organisms that cause this fer- 
mentation are almost universally found in 
nature and only methane, mineral oils, and 
lignins appear almost immune to attack (Bus- 
WELL and MUELLER, 1952; BUSWELL, 1954). 
These processes also occur in swamps, marshes, 
ponds, lakes, etc. (Dzens-Lirovskty, 1945). 
The total contribution of methane to the 
atmosphere from these diverse sources is esti- 
mated to amount to 107 to 108 tons per year 
(HUTCHINSON, 1954). 
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Natural gases are used for fuel in the United 
States today in large quantities. In the past in 
the United States large quantities of natural 
gas were lost to the atmosphere and are lost 
even today elsewhere in the world. Natural 
gases contain about 36—97 percent methane, 
I—25 percent ethane, I—17 percent propane, 
1—17 percent butane, and small amounts of 
C; and C, paraffinic hydrocarbons (SACHANEN, 
1945). The olefin content is extremely small. 
Use of the tomato plant, a very sensitive bio- 
logical indicator of ethylene, showed only 
0.001 percent ethylene in a natural gas from 
Charleston, West Virginia (CROCKER, 1932). 
Only traces of aromatics are to be found in 
natural gases (SACHANEN, 1945). 

Appreciable amounts of methane are found 
in coal mines as the so-called firedamp. A small 
amount of ethane in mine gases has also been 
claimed (VAN TIGGELEN, 1945; BUREAU OF 
MINES, 1938). 

Ethylene is produced by growing plants, 
fruits, roots, and tubers. However, the con- 
centrations are in the ppm range and below 
(ZIMMERMAN, 1952). Traces of cyclics such as 
terpenes also have been reported. Owing to 
the low initial concentrations, growing vegeta- 
tion should not make any appreciable contribu- 
tion to the natural hydrocarbon content of the 
atmosphere. 

The presence of methane in the carth’s 
atmosphere at many diverse locations has been 
shown by means of infrared measurements 
with grating instruments of the solar spectrum 
(MIGEOTTE, 1948a, 1948b; ADEL, 1949; GOLD- 
BERG, 1951; NIELSON and MIGEOTTE, 1952; 
GOLDBERG and MUELLER, 1953). Methane is a 
permanent constituent of the atmosphere of 
world-wide distribution. Infrared observations 
further show that methane is uniformly mixed 
with the major constituents of the atmosphere 
(GorpBERG and MUELLER, 1953). The concentra- 
tion of methane is about 2 ppm or 1.2 cm 
NTP (GOLDBERG and MUELLER, 1953). On 
the other hand, the methane found in the 
krypton-xenon fraction of the air amounts to 
about 1.2 ppm (GLUECKAUR, 1951). Despite 
attempts to detect some details of the rotation- 
vibrational fine structure of ethylene and 
ethane, no success has been reported in finding 
traces of these gases in the earth’s atmosphere 
(SHaw and CLAASSEN, 1952; SHAW, ET AL. 
1951, 1952). The absence of any evidence for 
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ethylene in the infrared indicates that much less 
than 0.01 cm NTP is present (GOLDBERG and 
MUELLER, 1953). Considering the extremely 
small quantities of ethylene produced from 
natural sources, it is doubtful that the quantities 
present, which are probably below the ppb 
range, will be detectable. If the contribution 
from natural gas leakage made up a major 
portion of the total, the fine structure of ethane, 
propane, and butane vibrational bands should 
be detectable. It seems more likely that natural 
gas leakage contributes no more than a few 
percent of the total hydrocarbons lost by all 
sources to the atmosphere. Consequently, the 
C,—C, saturated hydrocarbons would be 
present at two or three orders of magnitude less 
than methane. In agreement with this estimate, 
the infrared determinations indicate that these 
hydrocarbons, if present, must be at least two 
orders of magnitude in concentration less than 
the methane (SHAW, ET AL., 1951, 1952). 

It should be noted that the concentration of 
methane observed in the general atmosphere 
of the earth is as high as the total hydrocarbon 
concentrations reported over the large cities 
of California. Some care must be taken that the 
presence of this natural background concentra- 
tion of methane is corrected for in making 
measurements of urban hydrocarbon concentra- 
tions. For example, if a non-dispersive infrared 
analyzer is being used to dertermine hydrocar- 
bon concentrations, no difficulty will be en- 
countered if the calibration mixture is made up 
in air. If the calibrating hydrocarbon, say 
hexane, is mixed with nitrogen instead of air, 
an error will result. The total concentration 
read on the instrument would be the sum of 
natural methane plus gasoline fraction hydro- 
carbons. Since the sensitivity of the response of 
the instrument to methane may be about one- 
fifth that of hexane (Lirrman and Denton, 
1956), 2 ppm of methane would be the equiva- 
lent of about 0.4 ppm of hexane. 

From the standpoint of reaction rates of 
gaseous pollutants, the fact that the natural 
background concentration of hydrocarbon 
consists almost entirely of methane is of im- 
portance. The rate constants for a second order 
reaction between hydrocarbons and ozone have 
been determined recently for both paraffinic 
and unsaturated hydrocarbons (CADLE and 
SCHADT, 1952; SCHUBERT and PEASE, 1956). 
At room temperature, the rate constant for 


Tellus X: (1958)}: 4 


GASEOUS POLLUTANTS IN THE ATMOSPHERE 


methane is 0.85 cc/mole-sec. while that of 
ethylene is 1.9 x 10% cc/mole-sec. Consequently 
at equal concentrations of methane and eth- 
ylene, the rate of reaction of ethylene with 
ozone is about 2 X 10% times as rapid as of 
methane with ozone. Therefore, while the 
time for half reaction of the hydrocarbon and 
ozone at I ppm is only several hours for the 
ethylene-ozone reaction, the time for half 
reaction for the methane-ozone reaction is of 
the order of 10? years. Obviously, then meth- 
ane in the atmosphere does not take part in 
the destruction of ozonosphere or ground level 
ozone. Other reaction processes cause much 
more rapid destruction of the ozone. It should 
be noted that there are some claims in the 
literature that atomic oxygen does react ap- 
preciably with methane; however, in at least 
part of this work (ARRAMENKO and KOLESNI- 
KOVA, 1953), the atomic oxygen was obtained 
by the dissociation of water vapor in which 
case atomic hydrogen is also likely to form 
(STEACIE, 1946a). The atomic hydrogen tends 
to accelerate the reaction through formation of 
a reactive intermediate other than atomic oxy- 
gen or ozone (HARTECK and KOPSCH, 1931; 
Gere and HARTECK, 1934). This reaction with 
atomic hydrogen will be discussed in more 
detail below. 

Using a figure of 3.2 X 10° molecules/cm? 
of CH, over the earth’s surface (GOLDBERG 
and MUELLER, 1953), one can calculate at total 
weight of CH, in the earth’s atmosphere of 
4.4 X 10° metric tons. Thus, with an output 
of CH, of 107—108 tons per year from natural 
sources, if the earth’s atmospheric supply of 
methane is not increasing, the supply is being 
completely replenished every 40 to 400 years. 
If equilibrium is to be maintained, processes 
for the destruction of methane must be availa- 
ble. 

Methane can be photolyzed below 1450A 
(Noyes and LEIGHTON, 1941a) in the upper 
atmosphere. The strongest source of radiation 
in this region is the Lyman « band at 1216A 
which penetrates to 70 km. (TOUSEY, 195 3), 
that is, to about the bottom of the D layer of 
the ionosphere. Since the weaker radiation 
between the Lyman « and 1450A probably 
does not penetrate below 70 km. (Foster, 
1951), photolysis can occur only by the up- 
ward passage of the methane from the earth’s 
surface through the troposphere and the ozono- 
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sphere into the D and E layers of the ionosphere. 
The photolysis of methane will produce some 
higher molecular weight hydrocarbons (Noves 
and LEIGHTON, 1941) probably by the follow- 


ing reactions: 
CH, +hr(< 1450A) CH," + H’ 
CH, +CH,'>C;H, 
CH, CH, + H’ 
CH, + CH, >C3H, etc. 


However, these hydrocarbons also undergo 
photolysis to reform methane at even longer 
wavelengths (>1450A), so they will be rapidly 
destroyed again. 

It has already been pointed out that the 
reactions of ozone and atomic oxygen with 
methane apparently are very slow, so that 
destruction of methane cannot occur by means 
of these reactions alone in the ozonosphere and 
ionosphere. However, it has been shown in the 
laboratory that in the presence of hydrogen 
atoms a mixture of methane and oxygen 
undergoes rapid reaction even at —183° C 
(GEIB and HARTECK, 1934). 

In the upper atmosphere above the ozono- 
sphere, water vapor can be photolyzed in the 
following reaction: 


H,O +hy(<1800A) +H’ + OH’ 


The atomic hydrogen can then react with 
molecular oxygen to form the perhydroxy 
radical: 


H+ O,5HO,; 


This free radical then attacks the methane 
molecule: 


HO,’ + CH, oxidation products 


The first step of the reaction may be hydrogen 
abstraction: 


HOw CH CH HO. 
CH HO =. CM 11,05 


The methyl and methylene radicals could then 
react with atomic oxygen to form the methoxy 
radical and formaldehyde: 

CH, + O'>CH,0° 

CH, +0°>CH,O 


Reaction with molecular oxygen and ozone 
at the top of the ozonosphere might also occur. 
One would expect formaldehyde as an inter- 
mediate which could either be further oxidized 
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or readily photolyzed. Some higher molecular 
weight hydrocarbons might also be formed 
by radical recombination processes, but these 
hydrocarbons would be photolyzed also, as 
mentioned previously. All of the radical re- 
combination processes may occur slowly owing 
to the very low concentration of radicals and 
third bodies in the upper atmosphere. 

The other possible method of destruction of 
methane is by means of methane oxidizing 
bacteria (FOSTER, 1951). Unfortunately, little 
appears to be known about this type of bacteria. 
Since, as previously pointed out, common 
fermentative bacteria do not break down 
methane (BuSWELL and MUELLER, 1952), bacte- 
rial action at present does not appear as a 
major process for its destruction. 


V. Hydrogen 


Hydrogen has been reported in trace amounts 
in volcanic (NIGRO, 1939), and in natural gases 
(<o.os mole percent) (BREWER and DIBELER, 
1945). Appreciable amounts of hydrogen are 
formed under certain conditions in the bacterial 
fermentation of carbohydrates (BusweLL and 
MUELLER, 1952). Among the types of bacterial 
fermentation resulting in hydrogen are the 
fermentation of carbohydrates by the coli- 
aerogenes group of bacteria, the butanol-acetone 
fermentation, and the fermentation of pyruvic 
acid and certain amino acids by clostridia 
(KOFFLER and WILSON, 1951; BUSWELL, 1954). 
Hydrogen is formed in the upper atmosphere 
by photolysis of water vapor as has been 
mentioned previously. Hydrogen may also 
enter the earth’s atmosphere as proton streams 
from the sun. 

Hydrogen can readily escape out of the 
earth’s atmosphere (Spitzer, 1952). The hydro- 
gen content of the upper atmosphere, 100— 
300 km, is greater than in the lower atmosphere 
but even at these altitudes hydrogen is not a 
dominant species (SPITZER, 1952). 

Many bacteria can utilize hydrogen as an 
energy source for the synthesis of protoplasm. 
Hydrogen is utilized by some of these species 
in such a way as to reduce nitrite and amino 
acids (KOFFLER and WILSON, 1951). 

Some of the hydrogen formed by the pho- 
tolysis of water vapor is removed by reaction 
with ozone (MCKINLEY and Garvin, 1955) 
and atomic oxygen or molecular oxygen 
(Noyes and LEIGHTON, 1941). 
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Only a small amount of information on the 
hydrogen concentration of the atmosphere is 
available, since hydrogen does not absorb as 
a dipole in the infrared nor in the ultraviolet 
until far into the vacuum ultraviolet. A few 
analyses indicate a hydrogen concentration of 
about 0.5 ppm by volume, or 0.4 cm. NTP 
(GLUECKAUF, 1951). 


VI. Formaldehyde 


It has been shown in the laboratory that if 
a mixture of carbon dioxide and water is 
photolyzed with the radiation from a Xenon 
lamp (1470A and 1295A) some formaldehyde 
is formed (GROTH and Suess, 1938; Noyes and 
LEIGHTON, 1941). A similar reaction can occur 
above 70 km. in the atmosphere. Formaldehyde 
possibly may also be formed in the reaction 
between oxygen and methane in the presence 
of hydrogen atoms. However, the formalde- 
hyde so formed would be subject to further 
attack by atomic oxygen to form carbon 
monoxide, hydrogen, and carbon dioxide. 
Also, the formaldehyde produced will be 
photolyzed by radiation up to 3600A (Noyes 
and LEIGHTON, 1941). This means that formal- 
dehyde is subject to photolytic decomposition 
throughout the atmosphere down to ground 
level. Formaldehyde may also be formed from 
carbon dioxide and water during electrical 
storms as a result of electrical discharges. 

Formaldehyde has been detected qualitatively 
by chemical methods in rainwater collected in 
remote sites including one at high altitudes 
(DHar and Ram, 1932). Estimates of formal- 
dehyde existing throughout the atmosphere at 
less than 1 mm. NTP have been made (CHap- 
MAN, 1951). However, no infrared or ultraviolet 
identification of formaldehyde in the atmos- 
phere appears to have been made. A mean 
value of 0.5 micrograms/meter® for formal- 
dehyde on the mainland of Europe has been 
reported (CAUER, 1951). 


VII. Carbon monoxide 


No bacteriological sources of carbon mon- 
oxide appear to exist (FosTER, 1951). Carbon 
monoxide has not been reported as present 
in natural or volcanic gases (SACHANEN, 1945). 
While carbon monoxide is found in coal gases, 
most of it must result from mining operations 
and not natural processes. Some carbon mon- 
oxide must be formed in the upper atmosphere 
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above 70 km by the reaction (Noyes and 
LEIGHTON, 1941). 


CO, +hv(< 1700) +CO +0 


The reports on atmospheric carbon mon- 
oxide as observed with grating infrared solar 
measurements differ from those for ozone, 
methane, and nitrous oxide. One group of 
observers has been unable to find carbon mon- 
oxide above their stations of observation 
(GOLDBERG, 1952). In one case, observations 
made at the Jungfraujoch mountain observa- 
tory in Switzerland show five-fold changes in 
concentration of carbon monoxide and appreci- 
able fluctuations in even one hour (BENESCH, 
ET AL., 1953). The concentrations in cm-atmos. 
ranged from 0.017 to 0.075. Similarly, observa- 
tions in Ottawa showed variations between 
0.09 to 0.18 cm-atmos. (LOCKE and HERZBERG, 
1953). These variations suggest that while a 
small part of the total atmospheric carbon 
monoxide may result from upper atmosphere 
processes, most of the atmospheric carbon 
monoxide results from man-made emissions. 
The fluctuations are probably the results of 
packets of air from urban centers passing over 
the observation stations. 


VIII. Hydrogen Sulfide and Mercaptans 


Hydrogen sulfide is usually present at very 
low concentrations in natural gases but some 
natural gas deposits contain as much as 5 to 10 
percent (SACHANEN, 1945). Traces of hydrogen 
sulfide also are found in volcanic gases (NicRo, 
1939; SICARDI, 1940). Small amounts of H,S 
are formed from microbiological reactions in- 
volving the breakdown of the amino-acid 
cysteine by E. coli and other organisms. How- 
ever, the major biological source of H,S proba- 
bly is the sporovibrio desulfuricans which utilize 
sulfates to produce H,S. Methyl mercaptan is 
formed by the attack of E. coli on methionine. 

No chemical measurements of hydrogen 
sulfide at remote locations appear available. 
Infrared fine structure bands due to H,S have 
not been observed. However, hydrogen sul- 
fide is a weak absorber in the infrared region. 


IX. Ammonia 


Ammonia is liberated from protein waste 
materials through deamination processes by 
enterobacteriaceae and clostridia organisms. 
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While the deamination mechanisms vary, most 
amino acids are decomposed to give ammonia 
by one mechanism or another (Gar, 1951). 
Ammonia is not found generally in natural, 
volcanic or mine gases (SACHANEN, 1941; 
NIGRO, 1939; SICARDI, 1940). No photochemi- 
cal processes appear available by which am- 
monia could be formed in the upper atmos- 
phere. 

Attempts to find infrared fine structure for 
ammonia in the 10.55 micron band have been 
unsuccessful (SHAW, ET AL., 1951, 1952). Ex- 
tensive analyses of ammonia in rainwater fall- 
ing at many locations in Scandinavia indicate 
average concentrations of only 2 to 4 micro- 
grams/meter? which would correspond to only 
a few parts per billion of ammonia (EGNER 
and Eriksson, 1955). Other data obtained on 
the mainland of Europe give average concentra- 
tions of 8 micrograms/meter? (CAUER, 1951). 
Determinations of NH, and NH + in Florida 


gave average values of 5 micrograms/meter? 
and those in Hawaii gave only 2.5 micrograms/ 
meter? (JUNGE, 1956, 1958). Even if all of the 
material were in the form of NH, the con- 
centration rarely exceeds 1 part per hundred 
million which is probably beyond the limit of 
detectability by the infrared method. 


X. Chlorine Compounds 


It is contended that the chlorides from sea- 
water can be converted to chlorine, hydrogen 
chloride, and chlorine oxides (CAUER, 1951). 
This contention is based mostly on indirect 
evidence from analyses leading to ratios of 
chloride to cation, Cl-/Nat, Cl-/K+ and 
Cl-/Mgt?. However, gaseous chlorine has 
been reported at about 2 micrograms/meter? 
(Junge, 1958). The possibility also exists that 
moist sodium or potassium chloride particles 
react with nitrogen dioxide to form nitrosyl 
chloride (Gray and VOFFE, 1955). 


2NO, + NaCl+NOCI+NaNO, 


In the presence of ozone nitrosyl chloride 
can be oxidized further to nitryl chloride 
NO,Cl. Both compounds should readily photo- 
lyze back to nitric oxide, nitrogen dioxide, and 
chlorine (KistIAKOWSKY, 1930). The best place 
to observe the presence of nitrosyl chloride, if 
it exists, would be in the Los Angeles area 
where the sea salt could come in contact with 
several tenths of a part per million of nitrogen 
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oxides. Analysis for NOCI in the infrared 
would be difficult since the very strong 5.6 
micron band of nitrosyl chloride would be 
obscured by water vapor absorption. 


XI. Free Radicals 


A number of free radical species have been 
mentioned above. These include OH, HO,’, 
CH;', and CH,". Nitric oxide and nitrogen 
dioxide are also free radicals but are discussed 
separately because of their long lives and great 
importance. The sodium atom also is an atomic 
free radical, since it has an unpaired electron, 
and it is of considerable interest in upper 
atmosphere chemistry and physics. 


A. Hydroxyl Free Radical, OH 
The OH radical can be formed by a number 

of reactions in the upper atmosphere partic- 
ularly at altitudes above 70 km. Among the 
reactions which may be involved are the follow- 
ing: 

H,O + hv(1800A) +H’ + OH: 

H'+0,-0H +0, 

H +0, HO. 

HO, +H-OH: + OH: 

HO, +H,-H,0 + OH 


The OH radical can be destroyed by such 
reactions as the following: 


OH+H+M-H,0 +M 
OH+OH-H,0;, 


The vibration-rotation bandsaround 10,000 A 
in the night sky have been proved to be due 
to the OH radical (Meiner, 1950; HERMAN 
and HERMAN, 1955; JONES and GusH, 1953; 
Jones, 1955). Observation of the 8347.6A band 
of OH indicates a winter maximum and a 
summer minimum in intensity (BERTHIER, 
1955). Very little is known experimentally 
about the total concentration nor the varia- 
tion of OH with height. Estimates of the 
height of the OH layer range from 70 to 
300 km. The lower altitude seems more 
probable. Theoretical calculations give OH 
concentrations ranging from 5 x 107 mole- 
cules/cm? at 70 km, 5 x 10% molecules/cm® 
at 80 km, and 105 molecules/cm? at 80 km 
(BATES, 1954). 
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B. Perhydroxy Radical, HO, 


As pointed out formerly, the HO, free radical 
could be formed by the reaction of atomic 
hydrogen with molecular oxygen. This radical 
appears capable of readily oxidizing methane 
(Gers and HARTECK, 1934). No spectroscopic 
evidence for this radical is available either in the 
atmosphere or the laboratory although the 
mass spectrum of HO, has been observed 
(Foner and Hupson, 1953, 1955). Theoretical 
calculations give HO, concentrations about 
equal to those of OH with altitude. 


C. Methyl and Methylene Radical, CH, and | 


CH, 


The photodecomposition of methane can 
result in formation of the CH, and CH, 
radicals. No spectroscopic evidence for these 
radicals in the atmosphere is available, although 
the laboratory ultraviolet spectrum of the 
methyl radical has been observed recently 
(HERZBERG and SHOOSMITH, 1956). 


D. Formyl Radical, CHO 


Any formaldehyde present in the atmos- 
phere would undergo at least partial photolysis 
to hydrogen atoms and CHO radicals. No 
spectroscopic evidence for the formyl radical 
in the atmosphere is available although the 
laboratory spectrum is well established (HERz- 
BERG and RAMSAY, 1955). 


E. Sodium Atoms, Na 


Sodium atoms can occur in the upper atmos- 
phere from sea salt or possibly volcanic partic- 
ulate. The presence of sodium atoms in the 
upper atmosphere between about 70 and 100 
km with maximum near 85 km is well es- 
tablished (ROBLEY, 1954; VEGARD, 1955; 
CHAMBERLEIN and MEINEL, 1954; DONAHUE, 
ET AL., 1956; KOOMEN, ET AL., 1956; MEADOWS 
and TOWNSEND, 1956). Concentrations of 10° 
and 101! atoms/cm? in the region above 70 
km appear to be in accord with the NaD line 
emission observed in the twilight and night 
sky (DONAHUE, ET AL., 1956). The sodium 
emission varies with the season in the same 
way as does hydroxyl free radical (BERTHIER, 
1955; OMHOLT, 1956). Such processes as the 
following have been suggested to explain the 
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emission of sodium atoms in the night sky 
(CHAPMAN, 1951; OMHOLT, 1956): 


Na+O+M-—-Na0O+M 
or Na+O,-Na0 +O, 
NaO +O Na(?Po) +O, 
XII. Conclusion 


The above discussion indicates how very 
limited is our knowledge of the trace gases in 
the earth’s atmosphere. Only for ozone and 
nitrous oxide do we have good information on 
the concentration and distribution in the atmos- 
phere. Even in these instances the data are far 
from complete. Information on the variation 
N,O concentration at altitudes at which photo- 
chemical decomposition occurs is lacking. 

The limited data on ozone concentrations at 
locations remote from urban centers seem to 
indicate concentrations of only 2 or 3 ppm by 
volume. However, there is some very frag- 
mentary information obtained at locations 
where strong downward movements of air 
from the upper atmosphere can occur. At such 
sites appreciable higher concentrations have 
been observed. Unfortunately, it is often diffi- 
cult even at stations 50 or 100 miles from urban 
areas completely to rule out contamination 
from air masses flowing from the urban loca- 


tion. The ozone measurements to be made in’ 


the Antarctic during the International Geo- 
physical Year should provide important data 
bearing on this problem. 

There is still a discrepancy between the value 
obtained for the concentration of methane by 
infrared. spectroscopy and that obtained from 
the heavy inert gas fraction of air. The total 
concentration of the higher paraffinic hydro- 
carbons may amount to several parts per hun- 
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dred million. However, it will be exceedingly 
difficult to detect such small amounts by either 
optical or chemical methods. 

Our knowledge of nitric oxide and nitrogen 
dioxide in the upper atmosphere is practically 
non-existent. Yet there is reason to believe that 
small concentrations of these gases must exist 
in our atmosphere. There are indications that 
NO and NO, are of importance in ionosphere 
phenomena in the D layer and in twilight 
and night air glow phenomena. It should be 
worth some effort to make measurements at 
remote sites at ground level and in the upper 
atmosphere. Colorimetric methods are availa- 
ble for the analysis of nitrogen dioxide and 
total nitrates. These methods should be adapta- 
ble, with sufficient effort, to upper air measure- 
ments. 

Sensitive chemical methods are also available 
for formaldehyde and ammonia. These could 
probably be adapted to upper air determina- 
tions if the effort is justified. 

Owing to the fact that carbon monoxide 
does not occur as a result of natural processes, 
it should be a sensitive indicator of the transport 
of urban pollution through long distances and 
into the upper atmosphere. Sufficient CO is 
present to permit determination by either infra- 
red spectroscopy or chemical analysis. 

The presence of free radicals such as OH’ and 
Na’ and possibly other radicals in the upper 
atmosphere from photochemical reactions is 
of considerable chemical interest. The question 
arises as to how far down into the lower 
atmosphere such radicals might be transported 
upon occasion. If such transport occurs, one 
may conjecture as to the possibility of such a 
free radical as OH participating in lower 
atmospheric reactions over urban areas. 
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Gas Loss from a Temperate Glacier’ 


By LAWRENCE K. COACHMAN?, THEDORE ENNS and PER F. SCHOLANDER3 
Institute of Zoophysiology, University of Oslo; Dartmouth College; 
and Johns Hopkins University School of Medicine 


(Manuscript received December 9, 1957) 


I. Introduction 


The gas enclosed in the ice of a temperate- 
zone glacier, Storbreen in the Jotunheimen 
district of Norway, has been systematically 
examined (COACHMAN ET AL., 1956). In this 
study samples of ice were taken from the 
glacier surface in a longitudinal line from the 
firn area to the terminus. Ice thus sampled has 
both a gradient in age and a gradient in depth 
of passage in the glacier interior. The results 
showed: 

1. The pressure on the gas was near atmos- 
pheric when the ice was formed, but increased 
to three times atmospheric going down the 
glacier toward the terminus. However, the 
pressures were not equal to the estimated 
hydrostatic ice load in the glacier interior. 

2. Oxygen was specifically lost from the gas, 
the O, content varying from about that of the 
atmosphere when the ice was formed (19.5— 
21.9 volume-per cent) to values averaging 10— 
12 per cent in the terminal ice, with occasional 
bubbles as low as 4.8 per cent. 

The mechanism by which the O, loss could 
take place was not apparent. Gas diffusion 
through the ice is exceedingly slow (ScHo- 


1 These studies were aided by a contract between the 
Office of Naval Research, Department of the Navy, 
and the Arctic Institute of North America. We gratefully 
acknowledge the advice of the late Professor H. U. 
Sverdrup of the Norsk Polarinstitutt. 

2 Present address: Department of Oceanography, 
University of Washington, Seattle, Washington. 

3 Present address: Scripps Institution of Oceanog- 


raphy, La Jolla, Calif. 
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LANDER ET AL., 1953; HEMMINGSEN, 1958). Fur- 
thermore, the oxygen tension in the termi- 
nal ice samples was only one-half that of the 
atmosphere, and in this case diffusion would 
take place from the atmosphere into the ice. 
The loss of O, through bacterial decomposi- 
tion of organic matter appeared unlikely be- 
cause of the lack of increase in CO, and lack 
of sufficient amounts of contaminants in the 
ice. 

In April 1957, Storbreen was re-examined 
for composition of the enclosed gas. In addi- 
tion to analyses for O,, Nz, and CO,, the 
argon content of the gas was determined by 
mass spectrometry, giving a clue to the mecha- 
nism of oxygen loss. 


2. Results 


The measurements for gas pressure, gas 
quantity, and ice density showed the same 
results as the previous survey (COACHMAN ET 
AL., 1956), that is, the gas pressure increased 
going from the formation area to the terminus, 
and there was no indication of a general loss 
of gas from the glacier. 

The composition analyses (Fig. 1) showed: 
(1) the oxygen content was reduced during the 
life of the entrapped gas in the glacier, from 
values approximately those of air to one-half 
of these; (2) the argon values were reduced 
from approximately those of air to one-half 
those of air; and (3), the CO, values were 
three times those of air in the upper ice and 
close to those of air in the ice lower down. 
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Figure 1. Content of oxygen, argon, and carbon dioxide in entrapped glacier gas at different sample locations. In 
the carbon dioxide plot the two horizontal dashed lines delimit the accuracy of analysis. 


3. Discussion 


BADER (1950) conducted a microscopic ex- 
amination of the ice of the temperate Malaspina 
Glacier in Alaska. His investigations were made 
during the summer and the majority of the 
bubbles in the ice had a “bag” of water 
associated with them. He concluded that, under 
certain conditions of ice movement, the water 
of a “water bag” may be pressed into the 
inter-granular boundary layer between two 
ice crystals, and that therefore dense glacier ice 


may not be completely impermeable to water. 
Bader also measured the gas pressure in the ice 
as 1 1/2 to 21/2 atmospheres, only a small 
fraction of the theoretical ice load in the glacier 
interior. 


When air dissolves in water the components 
dissolve in proportions different from those 
present in atmosphere. For example, oxygen, 
which comprises about 21 per cent of atmos- 
phere, is 34.9 per cent of air dissolved in 
equilibrated water at 0° C. Likewise, argon and 
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carbon dioxide, 0.94 and 0.03 per cent of 
atmosphere respectively, comprise 1.86 and 
1.75 per cent of air dissolved in water (Hock 
ET AL., 1952; Handbook of Chemistry and Physics, 
36th ed., 1954—55). 


Storbreen ice has been observed during the 
months of March and April; i.e., at a time too 
cold to have water associated with the bubbles. 
However, most of the bubbles in Storbreen 
ice are spherical and quite variable in size, 
undoubtedly the result of melting during the 
summer. 


It would seem that in temperate glacier ice 
during the summer there is often melting 
around the bubbles, in which case water will be 
associated with each bubble. It is suggested 
that there are then slight movements of this 
water out through the capillary-like intercrystal 
spaces, helped by the gas over-pressure in the 
bubbles. Those gas components which are more 
soluble will then be preferentially removed in 
the water and, at least from the surface ice, 
may be totally removed from the glacier. The 
gas itself cannot escape because of capillary 
forces in the very fine liquid channels. 
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The fact that large quantities of argon to- 
gether with the oxygen are lost from the gla- 
cier gas clearly indicates that some physical 
process, rather than oxidation, is responsible 
for the loss of oxygen. This was already indi- 
cated by the lack of sufficient amount of 
oxidizable material in the ice. The loss of argon 
strongly supports the idea of a primary, slow 
loss of meltwater around the bubbles, which 
takes place by leaking through the capillary 
spaces between the ice crystals and is activated 
by the bubble pressure. The gas cannot follow 
because of capillary forces in the minute inter- 
crystal spaces. 

Such a progressive melting and leaking 
would remove preferentially those gases which 
are most soluble; i.e., CO, Oz, and A, leaving 
behind a mixture increasingly richer in Ng. 
Also, by the same process, the bubble pressures 
would gradually decrease to values less than 
those inferred from the weight of the ice. 
Calculations show that the proposed explana- 
tion can account for at least the major part of 
the changes which have been found to take 
place in the ice as the glacier ice proceeds 
toward the terminus. 
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Soluble Salts in a Temperate Glacier 


By EVILLE GORHAM, Freshwater Biological Association, Ambleside, England 


(Manuscript received November 27, 1957; revised February 8, 1958) 


In a recent paper on gas enclosures in a 
temperate glacier (Storbreen in the Jotunheim 
district of Norway) CoACHMAN, HEMMINGSEN 
and SCHOLANDER (Tellus, 1956) report some 
specific conductivity and pH measurements 
made on melted samples as chemical tests of 
ice purity (conductivity giving some indica- 
tion of the amount of dissolved ions). In April 
1957 the writer accompanied the first two of 
these authors (to whom he is most grateful for 
their kindness and hospitality) in order to 
collect ice samples from approximately the 
same localities for further chemical studies. 
The ice was shaved with clean metal instru- 
ments into polyethylene bottles, whose clean- 
liness had been checked by conductimetric 
examination of distilled water stored in them 
for some days, and the samples were then 
transported to England for analysis. As a pre- 
liminary, electrometric measurements of pHand 
specific conductivity were again made, with 
the results shown in Table tr. 

The present series of ice samples gave ranges 
of pH 5.72—5.96 and %9- 1076 1.3—2.6. The 
conductivity values were lowered appreciably, 
and the pH values raised, by about five min- 
utes bubbling with air in which the carbon 
dioxide had been reduced by passage through 
soda-asbestos, the air being subsequently led 
through a sintered glass disc into distilled water. 
Upon comparison of these values with some 
for ordinary distilled water (also shown in 
Table 1), it is clear that the ice is in fact ex- 
tremely pure. Sodium and potassium con- 


centrations (not very accurately estimated be- 
cause near the limit of detection) are very low 
indeed, in spite of some noticeable—but very 
slight—soil contamination. Calcium is not 
measurable by the versenate-ammonium pur- 
purate method in 100 ml aliquots. Dissolved 
silica (measured spectro-photometrically) is 
barely detectable, at about 0.005—0.010 part 
per million of SiO,. Both ammonia and nitrate 
ions (again measured spectro-photometrically) 
also exhibit very low concentrations in the ice 
samples, the former averaging 0.02 and the 
latter 0.01 part per million of nitrogen. 

Sample 6, which was quite turbid with fine 
soil when collected and stood in contact with 
it for some weeks, shows by its low conductivity 
that mineral material is dissolved very slowly 
from soils in this area. For this reason the 
streams and rivers, exemplified by samples 7 
and 8, are also low in salts as compared with 
most fresh waters. 

Analysis of the winter’s snowfall (3—4 m 
profile sampled at the same time) gave much 
higher conductivity, sodium and potassium 
values than those for glacier ice; and the con- 
centration of nitrogen was also somewhat 
higher. Furthermore, the conductivity range 
for monthly precipitation samples at Vägämo 
to the northeast is 10—s6 over the months 
October to March (BRODIN 1956, 1957), even 
the minimum value being considerably above 
that for the glacier ice; while the average con- 
centrations of sodium, potassium, ammonia 
and nitrate are also much greater than in Stor- 
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breen ice. Unless it be supposed that formerly 
the precipitation falling on the glacier was 
almost devoid of salts, a rather unlikely possi- 
bility, it would seem necessary to assume some 
loss of salts in the course of ice formation. 
In a wasting temperate glacier like Storbreen 
such a loss might well occur during the period 
of summer melting, when much of the ac- 
cumulated winter snow must disappear even 
above the firn line. It is of course well known 
that snow and ice deposits consist of smaller 
or larger crystals of pure water, separated by 
thin films of inter-crystalline brines which 
contain any soluble impurities (BUCHANAN 
1908); and it seems reasonable to suppose that 
during the melting and consolidation processes 
these brines may be largely washed away, the 
annual ice layer being formed from those 
ice kernels which fail to dissolve completely 
through the summer (cf. RENAUD 1949). 
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The low optical density values given in 
Table 1 testify to the purity of the ice as 
regards soluble organic matter. They were 
obtained in a Unicam SP 500 spectro-photom- 
eter with glass cells, on samples collected in 
glass bottles and subsequently filtered through 
a no. 3 sintered glass disc of average pore size 
about 20—30 wu. This treatment did not remove 
all the particulate material, as some light 
scattering was still apparent in the samples. 

In conclusion it may be remarked that among 
the chemical properties investigated there is 
no evident variation associated with the age of 
the samples, such as was found by CoACHMAN 
ET AL. in the case of gas pressure and oxygen 
content of the air bubbles in the ice, the former 
increasing and the latter decreasing in the 
older ice toward the bottom of the glacier. 


Table 1. Chemical characteristics of some Norwegian ice, snow and stream waters collected in the 
Jotunheim mountains, April 1957. 


onanalivitr Optical Am- Ni- 
fee ue pie pH Density So- |Potas-| monia | trate 
Sample Er 5 SR ne 3 N: before after Io dium | sium | Nitro-|Nitro- 
No. Description of sample ee CO,-free (log — at gen gen 
20° C) aeration 320 my, ad 
10cm cells) part per million 
Distilled water, ordinary quality 1.8 11005%7211R0:08 nil nil | nil nil nil 
frommetaliStle u... ne 
I lee fron foot, of slacier. ..-~...\- 15 1:0, | 5-72. 6.12) 10/0577. 0.02 0:02) |) 0.02)| 0.07 
2 Ice, c. 600mfrom footof glacier] 2.6 2.2 | 5-96| 6.48] 0.045 | 0.08] 0.04 | 0.02 | 0.01 
3 » » I,300m » »» » by 1.5 | 5:79 | 6.34 0.024 0.06 | 0.03 | 0.02 | 0.01 
4 » » 2,000m » >»  » » 1.6 LININS-7711N 042110000420 02 170.03 M0 0 MOTOR 
5 Snow» 2,000m » » » » 6.5 6.1 | 4.98] 5.42 0.032 0.22 | 0.08 | 0.03 | 0.03 
6 Melted snow, percolating frost- ' 
heaved hillside soil.......... Loose 22321 75.341105-80:| 55.0.0155 Ot g no toto 
7% Water from stream in valley, done | done done done 
draining Leitvatn .2....2... 13794, D TO SN 14 | ©. on 0751022) ROOM 0:04 
8 Water from river draining Vaga- 
LEMIRE OR ore ace Ais Sate sealed ee 24-2 24.2 | 6.70 | 7.54 [not done} 0.66 | 0.53 | 0.01 |0.003 
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Letters to the Editor 


Antarctic Geophysics 


Sir, 

In a recent paper Dr WEXLER (1958) states that ice 
loss by melting or evaporation is nil in Antarctica. 
The idea that melting and evaporation are negligible 
factors in the Antarctic ice budget is widely held, 
even though the evidence on which it is based is 
rather scanty. 

It is true that meteorological and glaciological 
evidence from Maudheim (SWITHINBANK, 1957) 
suggests that ice evaporation on the ice shelf is 
negligible, but at other places measurable evapora- 
tion does occur. WADE (1945) assigns a very minor 
role to evaporation, but does acknowledge its exist- 
ence at Little America, whilst appreciable winter 
ablation has been measured in McMurdo Sound 
(Davin and PRIESTLEY, 1914, WRIGHT and PRIESTLEY, 
1922) and Terre Adélie (LOEWE, 1956). In 1955 
Loewe reported a remarkably high winter ablation 
rate in MacRobertson Land and measurements in 
subsequent years have confirmed this as being nor- 
mal. Measurements in 1957 showed that winter 
ablation also occurs in Princess Elizabeth Land 
(report not yet published). At Mawson the winter 
ablation rate is about 0.7 mm of water per day, 
whilst there is a daily loss of over 0.5 mm of water 
20 kilometres inland and at an altitude of 450 metres. 

David and Priestley give a figure for the annual 
evaporation at Cape Royds which leads to a value 
of 0.45 mm of water per day as a mean rate. Loewe 
has measured evaporation rates as high as 1.6 mm 
per day in Adélie Land. 

It seems possible that evaporation could be pro- 
duced in all the steeply sloping fringe regions of 
Antarctica by winds blowing from the colder in- 
terior. At — 45° C and 700 mb pressure the satura- 
tion mixing ratio is 0.064 gm/kg; at — 20° C and 
1,000 mb the saturation mixing ratio is 0.646 gm/kg 
(SMITHSONIAN METEOROLOGICAL TABLES, 1951). It 
appears, therefore, that the saturation mixing 
ratios in the fringe regions may be ten times higher 
than those for the heart of the continent, so that the 
air descending the lower slopes is capable of taking 
up more moisture. 

An annual mean figure of 0.5 mm of water per day 


would not be excessive for ice evaporation in a 
100 kilometres deep coastal belt of MacRobertson 
Land, and evaporation at this rate could well occur 
on the plateau slopes in other parts of Antarctica. 
If this consideration is applied to the whole of 
Antarctica it gives a total evaporation loss of 0.27 
x 1018 gm/yr, which is of the same order of magni- 
tude as other terms in Dr Wexler’s mass balance, 
and is definitely higher than the calving loss quoted. 
Even if the the figure were reduced by a factor of 
10, it would still merit inclusion in such a budget. 
It might be added that the balance is hardly affected, 
since the uncertainty in the import estimates remains 
large enough to allow substantial evaporation losses 
to occur. 

Further information on this question will come 
from observations of saturation deficit at the various 
inland stations operating for the I.G.Y., but even 
the data available for the fringe region indicate 
that evaporation should be considered in any mass 
economy studies for Antarctica. 


MALCOLM MELLOR 


Antarctic Division, Department 
of External Affairs, 187 Collins 
Street, Melbourne, Australia. 
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Reply 
Dear Sir, 


Mr Mellor suggests that evaporation can play a 
significant role in the over-all loss of Antarctic ice. 

The direct measurement of evaporation from any 
natural surface is difficult and published values must 
be viewed with caution. This is particularly true 
over snow surfaces where, with few exceptions (e.g., 
SVERDRUP, 1936) the careful vertical gradient 
measurements required for accurate computations 
have not been made. 

Mr Mellor cites old and new surface values of 
evaporation rates in coastal regions of Antarctica 
ranging from 0.5 mm to 1.6 mm of water per day 
and takes the lower value, 0.5 mm per day, as appli- 
cable to a 100 km strip on the plateau slope, where 
katabatic winds have a high capacity for taking up 
moisture. Applying this value to a 100 km strip 
encircling Antarctica (approximately 1/10 the 
area of the permanent ice) Mr Mellor arrives at a 
total evaporation loss of 0.27 - 10!8 gm/yr, a value 
of the same magnitude as losses by other processes 
cited in my paper. 

At Maudheim, located on an ice shelf in Queen 
Maud Land, it was found from energy balance 
computations that there must be a negative evapora- 
tion, or deposition of hoarfrost, amounting to 24 
mm of water annually (LILJEQUIST, 1957). If we 
apply this value to the approximately 90% of 
Antarctic ice not found in the 100 km wide plateau 
slope considered by Mellor, then there is a deposi- 
tion of 0.29 : 1018 gm/yr or just about the same as 
Mellor’s evaporation figure of 0.27 101% gm/yr. 

In other words, using figures suggested by Mellor 
for the ice plateau slopes and applying Liljequist’s 
value to the remainder of Antarctica, it is found that 
evaporative-frost deposition processes do not alter 
the over-all Antarctic ice budget; however, they 
must be important in the redistribution of water 
within Antarctica. 

If there were any significant differences between 
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the over-all evaporation and frost-deposition 
amounts in Antarctica this difference would be in- 
cluded automatically in the net import of water 
vapor by winds across the Antarctic coast. The 
chain of IGY meteorological stations encircling 
Antarctica will for the first time enable a good 
estimate to be made of this import. 

It should be stressed again that both the figures of 
evaporation, and frost-deposition are uncertain. For 
example, Loewe, whose results Mellor quotes, has 
himself recently characterized his Adélie Land 
value of about 10 cm of water lost per year by evap- 
oration as a “very rough estimate” (LOEWE, 1957). 
Similarly a colleague of Liljequist, Charles Swithin- 
bank, has recently concluded that at Maudheim 
“Rime and hoar-frost are rare, and their contribu- 
tion to the snow surface is insignificant”? (SwITHIN- 
BANK, 1957). It is hoped that the IGY observations 
will help settle this important problem. 


Very truly yours, 


Harry WEXLER 


Chief Scientist 
U.S. IGY Antarctic Program 
U.S. Weather Bureau, 
2400 M. Street, N.W., 
Washington 25, D.C. 
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mg/m? SU “g/m? (=kg//km?) 
= =I [218 Z 
mm a ai DEI Mala 4 
ode S CI ol Na | K | Mg | Ca Q xsa|S| Cl {| | Na} K |Mg] Ca 
Zale Ee 2 | 
Precipitation April 1958 (D 804) | Air April 1958 (L 804) 
Kn 3 5| 140 I 310728 6| 924) 21] 76.0) 711, 373] .4.9152 1.8143 7:31 9.5| 10 
Ri 19 Ze 2 2 ee, 2 5 35) 6.6) “Er FIN 3:7) 2:41 0.71, 0.51 0.8.0.7] are 
Ki LOIRET 6 ii I 6 3 ZI waked CS RT EN XX X| x xl 2X IMC 
Ar ı8| 20 8 2 3 4 3 5, ZA 6 3 14] 1.3] 3.6] 1.4| 0.5} 0.8] 0.6] 6.5 
Oj 22 26 Tan 4 m 6 5 5| 54| 6.0 3 18] 5.1| 2.01 .2.9| 70.2) (0:9) 2.7123 
Rö 24| 35 6 3 5 8 SITES ol, TO) TO F8] 1.75 0:7]. 1.0 272|20%6 
Of HIT; 4 3 6 5 3 3) TGS "4 fo) 15| 1:2] 4.0) 3.5) 2.4 EO! 2.0030 
Br ET © 8 I 2 6 3 B35 Oar OISE 0.0) 351 (Onn! nr SG 
AF SA a Bea I Bile 35 3 6/924) 10-2] Gr ONG 2 room ol 6.7 
AH Si) 27) 227 a WO! 2 3 SIN SSI O ol 85 
F6 15 97272 3 5 TIMES 4) ST | 6.1 31 50 
Sv 18} 16 8 I fo) 3 if 4} 15| 5.4 oe Tsk 
Ra Io 9 12 4 2 4 4 31. 72027070330 781 2.7), 3:4 3.80 ran ee 
Äm 25 42 al el SG) Gl 2a) Ae ol 23/17 4.4] 5.5] 1.6] 1.8| 1.3] 9.9 
Sa 3317 7407 12 a 6 5 8 9] 47] 5.1 QO} 120! 9.0)" 1.6) 2.11 0.8 4:8) 2.8] 99 
Ul 2 61 Io Sn 16 4 3 6| 22| 4.6 Oo} 28) 6.2] 0.9] 2.4] o.3| 0.9] 1.4| 1.9 
Er 28] 39| 12 4 5 8 6 6} 24) 4.4 fe) 26| 1.1) 1.3) 2.3] 2.4) ESS 
St 222477 13 OT 13 9 ZI AT 520 O 29| 2.1] 1.7] 3.6| 0.3] 0.3) 1.5) 3.5 
Fo N Pas 8 4 3 7 6 4| 26| 5.9 8 20} 1.2) 0.9] 2.7] 0.2] 3.3] 2.6) 7.4 
ISyar Aa zel 3a al >%. 15| 35| 15| 670| 4.3 o| 230 
RAS 2 IE © Zi a AS 9 7 4| 35| 4.4 OU 36,02% SEX X U chen 
VK 20| ALT Four 9.25 6 6 7| 50| 4.9 fe) 30 x X X X X x x 
a 1302208572 9l 16 7 4 6| 391 5-8] 66] Ar] er 15 4.7| 2:3] 2.3) 2.4) re 
Bo x | xX Se) Sel Sei x x x | - 
Vi 2210 74| 210 77 ea) 110) Te 27 26 Sr 6 73| 4:20 3-6) 02.3) 2:3) ololwatshirn 
Fa TEN 78 ie al 0) ©) 7 FAT 7 Olas 2O hs 5x x x| x x x x 
Fl 31| 33 17 7 9 5 5 4| 18| 4.6 Oo} 22] 6.8) 9.1} 2.9] 1.7] 2.0] 3.8) 47 
Am Fy wat 200 HOLT 02} TO 5| 30] 5.0 [6) 23 - 
Fi 30 49) 2 | See es Its Ose 
Pl 27 So, Zu es 25 5 8| 22| 4.6 ©) “ASH 47 OS) Olea 0:2 Ted] Ree 
Sö 20| 46) 14 9, role ro 7 6149| 04) 7735| 249 
Sm 18} 43 i 9] 13 6 4 4| 22] 5.0 Ole 2451 15:0) 10.51 2.61 OR IEEE 4.4 
Sy 2 2 9 8| 16 5 4 Al 0370| 558 fe) 31| 4.5] 15 2.3} 0.51 1.3] 1.322 
BH SOC) TC To 10 4 6| 23) 4.5 0 40} 7.9) 0.4) 2.9] 0.0] 0.7] 4.7] 20 
Sk 2 68 BTS) 26) no | ie a3 a 0 43] 1.7) CS) 3.31 0.4] Ogle Lane 
Al 43| 67 38 1216| 2201.20, 12 ce Tye | Ar ol 38[ 13 3.153.011 0:5 0.4 3.3] 20 
Hi aa el | 17 5 5| 42| 4.8 Of oo p= - - : 
Ta x X x x x x x x X X > > € 2.8 2 
vel Se ED NEE ic Fale an tee oi i 3.9 39 2 : 1.9) 0.4) 2.6) 5.4 
Yt 43| 18] 240 3 9) 2590| IS) 22| 34! 5.9) 20) we —| - - = 
Gj 61} 36] 310 3 8] 180} ro} 21| 37] 5.7 fe) 2| - 
Fn LISE C et +R a7) 5 5.931207 7780 mess - = 
Fà 30 2217738 2 SIN Tat Se dey, 5 we: - 
Va 6] 18 5 3 4 9 5 5| 40; 6.6] 140] 49] 5.9) 0.0 5.4| 0.0) 0.8) 1.6117 
Abie 2 2 8 4 8 3 4 Al 251 4.7 fe) 22 
Ke 30] 47 8 Syl antsy] 3 4| 33] 5.2 (Se - - 
Sd Too] 65} 450] 12| 2 LOW TO OG 5 fe) 23 - 
Da 28.20 78 8| 10 6 3 Bi 7a) 0:5 5512866 A 
ah “ os Be 10 + As = 5 2| 4.9 ng es Wee: a 1-6] 0.1] 0.3] 1.5} 4.0 
ae es 49170310 | SSD ES 072681 6.3078 1.8) 7.8) Ir] 3.0122 
€ 2 51 17 I I 5 2 Cry | 466 ol 26| o o 0.7| 0.2) 0.2| o 1.8 
Ka 14 4 6 2 3 2 6 21 270 5.5 fe) 19) © 7:1) 10-0} 3.2) 3.5] 1.7] 8.5 
i 23 2 5 3 : 3 3 g 20 re fe) 18} o © |23-0) 1-3] 2.7] 1.7] 26.8 
x 2 5 5 2 2 4 2 20 057 Ol Ee ero 0-8] 3.5! 2-4) 3.0 0.3) 15.7 
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lan, ala: 
ode SRG o | m | Nai K | Mg 
A | a 

Precipitation April 1958 (D 804) 
Pu 17| Io 3 2 2 I I I 
Tv HO} 72 10 4 2 3 3 2 
Rj 80} 33] 460 6 90300) 15 55 
Vn 2 790 760 xz 221 5417.27 12 
Gr 2217 go To7l TS), 29 32| 28| ro 
Od 15] 46) 120; 13] 24) 40} 20 HINTAIES SIN SON Ooi" STE OI GS IN T6 No 6721078 
Bs 3038, 941 23 350 Gop 17 za] Br 4.4) Of 52 
Ly 54| 101| 75) 19| 34| 34| IT] ï1| 52) 45| 0| 37 
As 2\" 38) 180) 2 49| 61| 12! 12| 51| 4.4 o| 68 
Vd 38] ıoI 2| 16] 52] 45] 14 8| 39] 5.0 o| 38 
Bl 28 75) 59) zu) 20} 40) 13], 8[ 55) 471" Of 43 = kee 
Ty 38 261° 270] 17| 35 56| ı10| ı1) 55| 6.7 O2 230, ETOS | TT FeAl 5.21 0,8], 2.61 057 
H6 SA OT 2277 TS. 271 1321, 12173) Sn 4.5 Oo! 53 
Ad 30] 70] 55} 15| 40| 46| 12] 7| 44| 5.5] © 2 
Lw 12| II4|T 464 6 6| 884| 37| 86] 49| 5.9] 21] 461| o 7-7\ 0.8| 3-7) ©:6| o.5| 0.0 
Sw 20| 77| 700 5 SPAS AI 2 5216002 2 40 Ro CI | Pr 1.7170 
Ab 30| 35| 400 8 72 300|-.78| 391 2351=6.3| 61 |) 97 
Ed 39| 64| 140 Oo} 70 99 13) “23: 210.010 2 38 | 7.6] 3.2 184 0 aes) “Orel oka! 
Es 481 75) 121 67-16), 2287 2 15| 44| 6.9] 165 | 41] 8.5] o I} 1.1] 0.5] 0.8 
Ee II] 33] 100 81 2 DA Ot OZ IES Ses OST AN aI - 
Ro 2 38| 82] 25) 33] 46) 13) 18) 56) 4.5 ©1270 FL 5.1] 4.1 0.7) 2.0) 8.3 
NA 16} 47} 120 7 6} 68 a 241 2206.51. 170) Sox | De TO 2.827 
Ca 2753123281, Tor 1710798, Toll ‚32 E26 4.8 ON 274420 4.5} I 3.2| 0.9) 0.4| o 
Bt 30| I20|I 52 3 4 TEN DOL 203 
DA 30] 153} 231 2 3 6.5} 35] 68 
Bi 38] 34] 160! 4 4 6.61 97| 38 
Va 41} 90] 992| 2 5 5.5] 3| 94 
We S51 67| 930) 30] 15). 578|7 22) 44] 35|7 4.0 0) 723, HT 055712 /0h10 75182720 
Se 35| 104) 148] 15] 9] 59] 9] 12] 69) 4.4] o| 45] 6.6) 23.6] 4.4) 11.9) 3.0) 2.0) 5.9 
BV 331 941881 30) 761 32m 18) 2211152] 4.7 © -7222-3|'20,60| 26501 1.8) O.7|8 O28)) 17:9 
Bn Se 7 LOO, 57 17 6510 1810 22188 lo 5221 12757-31241" 6.210 3.812 2241 tas) Aro 
Au Bole 95170103610. 1017, 221 TA] TA 121105°4 o| 43|26.8| 14.6) 10.1] 1.9| 1.9) 6.4] 8.3 
Fe 94| 161] 169| 79| 115] 48| 22| 13] 83| 4.2 © 387 © STE Oo 1A Far 1:010.463 
Ba 72103910, 871 526 66) 30619 147 720 75| 4.2 0103210.4,2|E. 3:08 2:0 E.7.110.0:01 2.411,29 
Ho 80| 201 40| 31| 15 16| 83] 20] 106| 4.7 oO TE 955 ss esis 724] 0:0 27 
Rm 25| 93 65| 34| 34 26} 12 6182531, 0:21021230 9917.1.310. 2724| 7.010.217 1.2]7.0:0..255 
Et TOOL 48 24, 27| Is 12 8} 82] 5.2 07 60)|" 2.8)" 0.6|7 2.61122.0| 0.90.5127 
He 48| 195] 135| 51| 92 28| -31| 12| 100] 5-3 ON AT 
Rz 18| 62 4 8| Io 5] 50 9| 61| 5.0 ON 47, 11055 174=813:6]8 1.0] 0:0), 041 25 
Wi 21 278 6 2 fo) SIFTONMTONMISTIS 0401 OORT TIR 9,51, 1.910 221, 0.510. LO] 3:2 
We, 68] 190| 108] 29] 71 161 811 22) 119) 5.6| 10 38) 10.0] 6,9| 5.17.12) 0.8 0.0 2.2 
Kl 9x 734| 18) 20 aol) 17| 16 18) 99049 Or 38172.8 el ear aes) HCI. lL ies) 
BL 
DH Sal 7231 33010 2 45| 267] 25| 49] 85| 4.8 Oj} I29|19.4|14.1| 5.4| 7.8| 1.9] 2.1| 44.3 
DB AZ TERN 2 16 7 922 Trl) 10169) 42 fo) 5711527720 24.71 37:21 3.510 1.3180 3.0 
W 50] 136| 155| 28| 51 84) 22 180 38| 4.3 O481 77% FO Orn) 3.010 1.118 0:21.20 
SA 361071.1737| 2 26| 86] 10| 16| 102| 4.4 ON 477. 116,8 0.72517.4.81 7.515 0:66 0 3.9 
U 45| 1361| 83] 24| 36) 64| ol 12] 87| 4.3 o| 46|46.9| 2.9| 3.4] 1.5] 0.9] 0.2] 28.4 
B 1266745] 2142| 531, 37) 101) 15) 27/9148] 4,7 010828; #17:21#.677° 3:36. 2.016 0.7120 9.8 
D 65| 103} 120] 37| 17) - 68 8] TT 73h" 405 0102.29128,0129.5|0 Sea 20) 1.3, © 6.2 
MH 39| 78| 49]. 20] 13] 28 6 8] 90} 5.6 Cul e203 O28 -G:0h 3.31, 4.2 31807317 
Rs Zoe Ze LOA| = 297 Lo 124 TW 1251, San 4-4 o| 58|11.8| 4.0] 3.6] 3.0] 0-3! 0.3! 0.8 
LM AGI GO| yy aig) Sell 71 3 8] 40] 5.0 Ol 240015.7\ 3:81 3:31 2.7 0:51 © 0.7 
Lx A672 420301 Tol, 22 Alm 72 2) 5.2 olz2aN 77.31, 5:41, .0:810 2.8) 8 10.018 O 1038 
Bg 33] 62 AZ\a TS 21 15 4 5| 62| 5.3 O}° 28[21.4|12.7| 4.1) 1.6] -0.4| 0,8) 0.8 
Ae 81} 179] 45) 62] 88) 15| 14 7| 96] 5.0 ol 34 — 
Za 100| 15 792 60 13| 18| 26| 820| 6.4] 110] 49| 4.3} 8.7| 2.9| 1.21 2.0) 13 26 
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= ; [m*(= kg/km?) 
mm A | 4 pH se 3 = a = 
Code Seil S nl Na | K | Mg | Ca = sia| S CI = Na | K|Mg| Ca 
= || 2 an! 7 
Precipitation May 1958 (D 805) | \ Air May 1958 (L 805) 

N DET a u De Een a Se wlan ne m PR N 
Kn 6| 28| 198 2 3| r91| 11] 43) 38| 6.2| 23| 341|13.5| 248| 3.0) 207| 12.3)22 |25 
Ri | a ih 2 3 7 2 5| 24| 6.6 Zu 14: x x x x | zul > 
Ki 48| 37 8 3 Al aie EA TE 225 ST fo} CRE CE 16 1-56 501, 5.7 0207188 
Ar 43| 33 9 2 I DIET 7\ 48) 6.5) 15) TE) 6.5) 2.8) TS 7.0), 7.000.00388 
Oj 52| 47) 14 4 6 8 Al el) FRE] air ol 75 2 1.51. 2:91.05]. 0:91, 2:0105%8 
Rö 48| 51| Io 5 SE 74 7 9| 38| 4.6 ol 2r| 2.0. 2.4) 2/21 0:9, 70.058455 
Of 45| 34 8 4 6 8 7 Fi) eal) xe GO| 14) 2-3) 4 2-2] 3.21) 0:9 7.2. 03122:9 
Br 23| 25 9 4 5 6 5 6| 16) 4.8 o| 19 x x x x x| x x 
AF 71 38, 14 5 ZA 3 51, 205533 ol 131 9:5] 3.8. 7.9]. 0.01) O23) 220) 20; 
AH a Sal SCO a GG) ell ol ay 

Fo x x x x x x x x x x 72 42 

Sv 721° 33) 20 8 ar 2 8 5} 51| 6.0 OT 

Ra 58] 32] 14 6 4 6 6 2| 220) 6.3) 1490| 27) 5:7| 2:2) 3:2) 016)" O19 ose ese 
Am 76} atl S| 6). 8| >. 71. 6 261 5:3} of 34) 43.74 30 40 Zaren 
Sa 87 4| 15 9 4 il al al are] Kon: 2 7033 5.9] 2.0| 0.6] 0.9] I.I| 9.0 
Ul 90 Gl 20a 1217 13 9 6 Ole F434 o PGs 4. 2.3) L:7| 1:51 0.910 7:0,32:6 
Er 57| 58| 16 6 8 9 9 644 ol 20 1x8 34] Teo}, oSINoSIES a aes 
St OF Ola 152 121512 772 15 7 55| 5-2 o| 14| 5.7 1.8" 2.8] -0.9|. 2.0 0.0) 28 
Fo 67 234|% 13) 7 12], 201212 9 6} 75| 5.1 où IQ 0:0, 13l 2.51.07 I 04], 8:0 
KVM 96.531 5060|. TO 58% Zola 351, -23|082010.4.9 Ol 77 x x x x x x x 
Key il 03. 142 23| 2 14] 2 2617 2610 66.772053 020 x x x x x x x 
VK 5912.54), 221.0 L213] 7718 7 5l 56| 4.9 O22 x x x x x x x 
La 21 8 Fj fo) I 5 5 316 TONNES OIRRES 7.6.8}: 5:83 30.051 08023 812729 
Bo x x x x x x x x x x x > x x X x x x x 
Vi 47| 140| 130| 24] 24| 430| 23] 57| 53| 4.4 o| 100] 6.4| Io. 1-41 44) 21320 tol 52 
Fa 50500220 12T 12 6 7 MECS Ole 27 x x x x x x x 
Fl 642.26 2270 2 az Cr Ole 27047 ey | 2 7.51. 7:21 2312237 1277, Omar 
Am O74) Sol] 2131 113) 2461 trl Lo 4747 o| 29 

Fi 64| 74) 48] 18| 26) 36 9] 30] 41| 4.9 0111 20 - 
El 37| 65} 49] 14] 18) 441 9| 13] 30] 4.3] ©] 40] 2.4| 0.21] 2.5] o.7| 0.5] 1.4| 5.8 
S6 8061-7212 391% TOL TOME SECRETS 62S 010.22 — 
Sm 64| 110| 18| 22| 37 9 9 8 37| 4.7 Ole 3440 4.5 2.61 23 ET 1307,08 
Sy 06412592 470 7 | 2 an ee LO 725 1082751047 ONE 6.4] 140. | 2.8] 4.1| 2.5] o.8|80. 
BH 861.681 ASIN |A T2 ra 15027 Oo} 33) 2.5] 8.8 Tesh 04|r 0.01, 0.710588 
Sk BO 721.0 59] © 207 43| 24016 10 TT TIRE 0 oOo} 30:| 9.6] 4.5) 3:6) 0.81, Oo 0.2)" 238 
Al 60] S38] 6060| 820 2 4215 351012, 21 2| 6.3] 150| 45 x x x x x X| x 
Hi AI 3) 4 2018241027 7 8 55| 5.2 fe) 2 
x 27| 35) 41 4 O2 6 Gly ,38158:214 TON) 22112 0.011, 3388|, Steer OOO mero RG 

n — — — en 

Nae 40] 32! 63 5 9232.10 0.72 03601057 fe) 
Gj 88 5| 200 4 7 ALSO |e Ole AIRE IN CNT IST 

Fn 49| 69| 26 620312173 8 6| 35] 6.2] 14 2 — 4 — 
Fa 82] 31) 49 8| 16| 24 9 Fi 2A Sat fe) 
Va 46] 46) 13 5 7 ete 5 Sl) 621) 6.715, 33 IA §-9]) 3-2} AO MT TITI 0:0) 108: 
Abe 53|. 65| 18 O| 8T2| 218 6 6} 30| 5.5 o| 20 a 
Ke 53| 74 et se Talea 1G SIBEGIRE TG o| 20 a 
Sd CRC EC | SER Ser ler a x —| — 
Da 851.381 2271 2731.13 Sal 78 9 yl (SSI 32 91 W215 —| — 
Äs 60510381, 2Cl 2.1010271,024 E74 9| 68] 4.9 o | 2 4.0] 2.2) 1:0/..0.710 0.7) 0.0) 3.9 
1 105| 210| 620| 30| 32| 440| 33] 58] 60| 4.6 O| 54| 4.1] 140. 1-8] 79. | 6.0110. |14- 
A > Br 2 2 + 2 6 2 5| 4-7 o| 18 O} 1-9] 7-5| 0-6] 0.4] 0.51 5.9 
x 4 5 7 3] 43| 4-7 o| 20 O} 20. 7.1] 2-7) 2-1] 1.4] 60. 
Ku 37|NRLS NS ey Sie Shika lee Ol ties I I GG o| 12. |15. | 5-21 3-0] 5.617. 
Jy 68) 42| 23 4 3 JE 5 tS o| 16 o S| ee || en 2 
Pu 541027 8 6 8 3 2 3 2710-6 ol, F7 O} 3-0} 5-7] 1.1] 0.8) X| 1.3 
Tv Te O2\— 301070 3 9} 13 8 25) 4-4 0122 o|, 31. | 9-8] 3-5] 3.0|'.1.6| 26. 
Rj 12| 111020 I 2) 220 2 5| 26) 5.6 AE 2516 3-00.) 9:30 22 Ole 0) ET 
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mg/m? we : ug/m3(—=kg/km?) 
+ 5 u iR = ne 
à mm A ¢ h : =a ae 2 © a | 
ode Se el © | tt | Na | K | Mg | Ca 8 x(Q| $ | Cl | a | Na| K | Mg] Ca 
AR = 2 | 
Precipitation May 1958 (D 805) | Air May 1958 (L 805) 
SN wie es ren eb € | 
Vn S| Eee Ste 22310 5342285 ul Tole 721 4:7 ol 39 | | 
Gr 97| 235 85} 34 631 68 2 IQ} 120] 4.3 o| 40 | 
Od CERTES ITR o| 36 OW Sl Hig at re NT IR rs) e"TO 
Bs 7310126011321 341 Sr 98} 28| 18) 58] 4.3 O| 45 
Ly DATA INGS IN 22/1 32 2 g 2 28| 4.2 ol 47 
As 67} 120} 82) 36 83) 54) 22] 13] 64] 4.8 o| 42 72) LORS | 2035| 3.6], 432) es TONS 
Vd SD 202 MN OO 37 85) 37! 20) 17) 651 44 o| 42 
Bl 85} 198} 54] 36 67| 590] 23) 23) 84] 4.3 0! 43 
Ty 63} rro] 51 28 46] 130) 16} x4! 73] 6.6] 47| 32 2as}| O74) ST OMS 1021670 
H6 551 245) 1240| OS 61) OS 78-101 63) 43 o| 56 
Ad 49| 94 31 24; 38| 36) 16) 14| 38] 4.6 fo) ce =| 
Lw 44] 152|1 738 8 8]1 030} 40] 133] 76! 5.0 0157 fe) 3.11 0.9), 2551) 0-4) © 0.4 
Sw 85] 186|1 253 8 ro} 766] 38] or] 70| 5.5 | O18] 10 5:8] Oz}! 35| 1.0 O45] 00 
Ab 80} 150| 260 26) 26] 240) 56] 48] 120] 6.5] 12! 34 X RN 78 x <P ox IX 
Ed 59| 96) 110] 22] 37| 69) 34] 22| 77| 6.0 4| 30 9.7) 5.0] 2.0] 0.9] 1.8] 0.8| 2.2 
Es 90} 1390] 216} 17| 20) 144) 19] 21| 28] 4.3 0} 32.5] oO MONTRE 
Ag 50} 100} 203) 12) 2 207 20 7210. 00 CSM 481936 IT 87 0 Aro: 1.6) 0.9] o 
Le 68| 130} 170] 41] 59| 65| 14] 44! rro| 4.8 o| 50 | 29. FeO AGZ 1827) 22672 
Ro 756220177881 26. .39| Ag aia 73 64/458 06342 1170,4|..445|,.2.01. 2277.08 os 
NA go} I20| 510) 13) 11| 310) 18] 50| 170| 6.9 5| 40 3 210 MS 0201842159 
Ca 36| 10911 168} 11] 16| 686) 33| 84] 55| 4.9 0|133 AS Bead 22:0 76106802 No 
Bt LEO ELE 2 171 7 5 5.2 o| 76 = 
DA Io4| 125] 478 6 5 0.31 271830 
Bi tor] 50| 354 5 6 6.7| 62] 25 | 
Rl 113| 106|1 175 5 6 6.5 I4| 49 
Va 127| 191|2 934 6| 10 5.4 o| 96 
We 57| 246/2 398| 45| 66lı 341| 62| 155| 137 4.2| 01174 8.61107.0| 3.2| 61.6) 2.6) 5.8] 2.4 
Sc 86| 203] 17 46| 233 76) 16) 16| 95| 4.4 o| 43 | 10.4] 11.1] 6.7] 6.8] 2.0) 0.8] 2.0 
BV 69] 35 14 2| 148 35] 22] 28) 174] 5.2 Ol 37a OME O27 OS Ce Mo SE 07.7 
Bn I11| 277| 89) 104 ol 23] 18] 56] 532] 5.6 AN 40) || 41.2| 12.0) 67 1.9 1.2 0.91 2.0 
Au 89} 80} 239) 33] 91 35} 39] 18] 161| 5.1 0172722 MOINS OM | 7A 2205.53. 
Fe Fo. AA NET 724 x6) 720 830 5:7 o| 18 9:00 MONS 2171 2154 
Ba 94| 66| r41| 185} 84) 16| 24] 12| 104| 5.5 ON 13 722) © 3711 0710 21N0 5) 


Ho SE Fol 67 Sipe LE IQ] 170) 27| 163] 5.6| 64| 43 ie © 4-4 0.810 011,051 774 
Rm 87| 95| 174) 64 ol 24| 23] 13] 389| 6.1| Ioo| 32 8.9] 6.5] 9.31 14.9| 1.1] 0.3! 6.5 
Et FOS ZOOM 05/94) 23881) 3090| 1245| -2210194| 6.0)" 116) 382[73:.3| 20.61 93-4) 2.21 0.2 0.11 0.9 


ink 96| 245] 25011 o8glı 164] 116} 682} 96} 568) 6.6/2 4001242 

Rz 8 5 8 4 T 5} 14 5| 59| 6.0| 60} 70 Heel le re Ziel) el ll 2x0) 
Wi Tea ae | N 8 4a 27) 9| 50| 5.2 ol 47 | 19.0} 2.8] 5.0] 4.8] 0.6) 0.4| 3.1 
Ez 48] 36] 48} 28 13 10221828 |Rr0410 0225 20)) 27:0 754 Tr Tr o"G|RS"S 
Kl 372001 ST 5 19 3 i 29 275105.8| 16/20 7.8 4.2] 5.81% 3-2) Ogi O.5|| 3.3 
BL 

DH 47| ı34| 153] 42] 14] 338] 18) 47) 54; 4-3} 0] 48 |28.4| 38.5] 9.2] 39.5] 2.7] 9.1] 3.2 
DB 58] 110] 58} 25 4| 45 og} 11| 46] 4.4 010020 0170171400)" A | 
W 81| 181| 103| 36 2]  45|" 18] 20] 44) 4.5 o| 40 |19.5| 35.2|12.7| 8.3] 2.9 10.8| 1.2 
SA 46| 79] 82] 26 9| 47| 27| 14) 45| 4.8 040025820870 ees! oi) KOK 
U 321 7181, 451, 20) 7213| 2 731 0.:1410870 24:9 ©0147 112321 6020:3 | 74=7120:912.0.9101.4| 07 
B 117| 108] 40 2 51 30 19) 161° 99)" 5.1 O| 14 5.8] 2.8} 2.3] 0.5| 0.6] 0.9] 0.9 
D GR Ta 64) 29 2 29 9 al 53] 5.2 onto 271541000500 
MH 481 341 32|7 20 2 32 51 121 4a I 3210772 10.103.711 323/19) 06) 0:77) 07 
Rs 78} 69] 402| 31 210.226). 100. 27|0371%5.5 o| 25 3.4] 11.0] 4.4] I.9] 0.5} 0.6] ‚0.6 
LM THe 53 54 942 BAO] LO || TOUR EC 4| 13 3.6} 4.2] 4.9] 2.0] 0.7] 1.0] 0.6 
TES Trop 0417 52, 7a. IE) 337) 23] r4l"To2|" 5.9) 38) 19 712518441051 0:910.0:9| 055 
Bg DLA 25 64| 35 3 57| ı6| 19] 107| 6.1 59| 17 OG] EA] 48817 2.210 047 ie Lak] 07:0 
Ae roo] 50| 44, 54 zu Shay ay 90153|7 6.0] 52178 

Za 100| 48| 150] 20] 20! 80] 72| 120| 380| 7.4 480| 74 x x| x x ER 


Tellus X (1958), 4 


504 NOTES 


ug/m? (=kg/km?) 


SE 
mm a A pH a - a a 
Code S CH cr Na | K | Mg} Ca Q sa|l S | A| |Na| K | Mg Ca 
AA In) Zi 
Precipitation June 1958 (D 806) | - Air June 1958 (L 806) 
Kn 17]. 4310647) S| #5] 84810771" 371 0231055, 0,225 
Ri 34| 19| 22 3 A ar 4 4| 2ı| 6.0 4 9 x x x x |) es 
Ki yall ey ace: I o| 10 6 3l 30] 5.4 9 9 xX x x x 2, Pelz 
Ar 2 13 15 fe) o 4 5 Sil 230.02 0223 LI| 4:21. 0.0] 25). 220101.2120%].087 
Oj 29| 26] 2 4 2 5| 15 31 5512621, 21 131 3-7 001 3:81 0.9 el Oreo EEE 
Rö 2 15 I4 fo) it 4 6 3 30] 5.9 5 13| 4:6] ©.8| 2:7) 2.3) 27.300%,54 
Of 16} 16| 14 I o AN TZ 5| 2221062 18 18| 1.61 %2| 2:84 2.812241, 221059 
Br 53| 34 7 5 6 6 5 3 E27 Sr o| 12] 4.0| 0.2| 1.8| 0.8] 0.7| 0.8] 10 
ÄF 431 27 15 4 102220, LO 4 30|| 5:8 O| Wili2s,| 22) 2.7) 40) SR O2 x 
AH 38 2a I DIN ee SN 205.6 CIN ANNE) 7 
F6 OF EA nl 6 8 6| 11 6| 100| 6.2 19 13 
SV 751. 38) 23 7 7 Zu, 8 4, 22| 5.0 Oh Se 
Ra 10) A 2 7 I 6| 28 5 £40| 681070). 23| 9:3) 3-6| 4.5| 2.7) SSI 
Äm 68| 39| 15! Silo] 22] 20) | 46.54 ol 16| 9.4] 7.2| 6.6] 4.6] 4.1] 2.6] 30. 
Sa OLE ATS ALO Er ers 8}. 26] TAlı 66] 6.0], ı2| 171 3:8] rer 2220.90, 0.9807 A 
Ul 75| 63 re 76) 9| 20 6} 35| 4.8 o| a8) 4.7) .0.2| 516} Srl acolo eas 
Er GS De a3 a a 22 Zi: 9|[ 34] 5-1 ©| 15) 2-9] 0.6) 1.8| 2.6) 1.81.06) 5.5 
St 58] 2 16 8 Fe hOle ie? Sl 2521047 o EO] 2.21 xl 2:5) 20:91. Tees) 49 
Fo OH Beall 2 8 80217210220 a N Goss 19] 18] 5.5| 1.4| 4.5| 1.8] 2.3] 0.9114 
Kvı 78) 33| 85| XO) 27 33) 35] 1711.140|..6:9|. 200| 110) 41.) 3.0| 8.0)72:913.608521368 
IS Sal sul 7 6 I 13) 24 7| 94| 5.9 5 ES ER x x x RIES 3% 
VK 2 SORT 6 7 OS TE 4| = 69) 6.3} 24| 25) 122 | 37) 321724), vos 
La 33| 39] 23 8 2 10110528 (or gl Se o| 21| 9.5| 14. | 5.6| 9.2) 6.01 35/18 
Bo 20 8| 49 7 se sole“ 8| -50|-5.5| 1ı4| 33) oso} .0.0| 2.0|73:.4| 0.802.875 
Vi 40| 54| 180] 16] ı2| 120} 15} Ig} 4o} 4.9 O| 39) 15.5] 22123 kOe al 701760 
Fa 341 S87; =30 5 9| 13) 47 8| 59| 5.5 O6! #% X X X RE] EX 
Fl Se a ath FRS 0820 6 2| 4.4 0, 24] 3.0] 4.0] 2.8] 07x58 24007 
Am 66079 SOI g| 60| 4.6 g 2 
Fi xl Se >| Del x x x x x o| 82 
Pl 202 3012 38 Ol SER 03 |,72 8 32] 4.6 Oo} 32 5:2] 0.21=4.7| 25) 0.90 251,00 
S6 46) 56) 34 Ol) Ieee | 626 8} 50; 4.8 ©| 2 - —| — 
Sm 46| 59] 14 9 9 8| 20 A 3045 ©] 27| 4:5l oo! 2.4| 0:71. 0.717 2.51 748 
Sy 285. 2018 aS 5 6 A|, 3) 36| 5.4 Oo] 26| 2.1115 3.4). 3.210 2:73 01874 
BH 22 31 77 9 9 9| 48 8 35| 5.9 Ly Bol x x x x x x x 
Sk TON S lS 8 15 8 6 A| =27l04.9 0 341. 2:7) 0:09) 4.21 13.4, TO Reese 
Al aa Ko Zul a la Sn 9 6| 55| 4.6 Ol, S|) ee x x x RER BE 
Hi 2 32 20 | 12 8 6} 60] 4.7 o| 43 — 
Ta 2 2 57 2 APT) 5 Si, 2231058 ©] 20) 1.8] 3.4] 4-7] 1.8 2A Seopa 
An — = | 
DA 33| 2 48 4 6| 25| 16 9. =42|. 50.2 22 20 — 
Gj 35 0 34 2 A412 51, Mi 29 tel 2023| Oo] 24 = a 
Fn 33| 20 19 5 3 9| 10 5 62) 5.5 fe) 20 - - 
Fà 20| 19 3 4 6 3 2 All: 3816210 =33| 5 
va 39 22018307 4 1201762286 A a Fa Ovals 25| ro 0.0} 6.3] 0.9} 2.7] 1.81 13s 
Dr 84| 31 14| 10 9, sin}, 19 6} 59] 6.1 25 13 — 4 — 
Ke 57) 69] 10 5 1 4 6 Sit 7 GIE 0 xs| =] Sb Sal SS aS See 
Sd 451 070183917 2517.70 2218577 7 46! 4-5 oO 31 
Da — & =| SUN 
As 51) 57) 24 of mgs x6] 14 6| 30] 4.6 o| = 25]. X| ;&| Sal Seles 
Li 23] 220) 140| 25) 24) Too} 13) 19) 49) 4.2 O0] 85] 2.5] 89. 1.7| 56. 3.4] 6.9] 8.1 
So 66] 34 8 I fo) 4 4 I 15) 5.1 o 8] o 0.3| 1.6| 0.2| 0.5) 0.2| 3.4 
Ka 20, 17 08 334, fo) o 2 9 4 216,4 Dr 2007| 6 I7|.Ios,| TA 1.41 00.91 10% 
Ku 4416,25, 12 I o Bl gt 4) . 23: 4.8 Of TO; 12. {| 30/13. 1212570] 14/7 
Jy 20) 5262 50l tole 2 5} 18 7\..68| 6.8)  4ok 25] 6.0] 2.8] 9.9} 2.2] 2.2]. 1.5) 4.21) 
Pu 81| 45 10 (6) O eye ae 4 26) 4.9 o 9} 5:3] 0.7| 9-0] 0.6] 0.9] 1.1| 2.9 
Ty 48| 52 19 3 4 5| 19 51. :361:4.8 Ol 277] O 9:2| 2.9] 6.0] 4.0} 5.4) IS. 
Rj 61] 21} 96} 31 31 54 


13 9 20| 5.8 fe) 131 -T-Ol 2:0] 225i) 92.3) le Seo 27- || 


Tellus X (1958), An 


NOTES 505 


mg/m? S| ke ug/m? (=kg/km?) 
ty aq | a, Po 7 ° >= 
£ mm en DIRT Ai 
Code S CI S | Na| K |Mg| Ca QO RS | S | Cl | LNa TK | Mg) Ca 
A | zi Mn 7 
Precipitation June 1958 (D 806) | Air June 1958 (L 809) 
ul u a a Re Me Se I 
Vn 30 À) u M NT TE SE Ge Bia 
Gr 2 70| 2 Ai ay ol 2 61 50] 5.6 o 2 - 
Od MON 35) 7) oe 6 gg) 4.8} 0 20) a 7a ee 1.7 50) 34 
Bs LAN 48) 34 7 it] 14 8 19! 9 43 010557 = 
Ly DAN Ose) TO 52 CS 72, AO AT o| 68 
As 220 43) 228 Oly 27010..771876 6| 36) 4.8 ©} 736173.87°0.0|. 3-7) 3:6] 2.2) 2.7 18: 
Vd 225 OF 271 LO} SES 31220 7| 37) 45 o| 40 
BI 29| 84| 18 Ol yy] OY DUA 24243 0 45 - 
Ty 14) 22) 120 9 FLL ee CO) Ole 53) 7.210. 300)" 99) 7957 0:0] 16.51 6.8 TT Olle. 
Hô 53| 161 2) 14) 281760) 221. 321 5714| 4.2 o| 48 
Ad 17| 65 EE T2 INT om al || enr) eran o| 62 
Lw ale A40|NTOT 4 3| 148 so |e) Lalo. 71| 409] 3-5] 4.5] 0.7] 2.8] 0.4] 0.6] o 
Sw 24| 80] 522 8 31 426) 13/2 14| 6.8] 125| 108} 2.7| 9.0] 0,9| 4.9| 1.3] 0.8] 0.8 
Ab X X X x X X X x x x x x x x x x x x x 
Ed 94| 150] Sol 35] 50] 54| 44| 16| 70) 4.5 | ees 7 Kr. 1.502.900 7.407.5183.073: 
Es 78| 156} 49] 13| ı14| 36 8 30 8] 4.3 Ol SYA) Cee] 3:0 0.7.6 0.2.6 0.077|80:31203 
Ag 93| 126 59| I4| 22 60 Sr T6l7 190 4.6 fe) 23 LOA 2.0) Le 5 |e 7INo7INo so 
Le 88] 190 210.651 224128461 ES ISO Tso s:2 T2l WAT 
Ro 89] 172 27| 30} 39] 55) 36] 13} 62] 4.7 010220 — 
NA 75| 122] 220 4 40 724108:7415.231075080.2| ET) ANS 
Ca 2| 69| 226 6 el BHeREl| avail! ese au 69 CO le cell Ged) IM Axel) Ces!) Ops) OO 
Ma 128] 128] 525 5 5 5.0 al 77 
Bt 145| 218| 667 9 2 = ph ir o 277 — —- —| —| —| — — 
DA 169| 237| 169| 19 8 5.4 Ol aia 
Bi 85| 44, 941 3 3 040539 15 
RI 107| 118] 760 5 4 5.5 ol 35 
Va 128| 171| 614 4 6 5.4 Ol 27, 2 
We 34| 12 6701 2810, 7310302[2.22|7 atl) 6410 4.2 012.951 8.01 73.7, 2.51 29.5|.1.8122.5102.0 
Sc 31] 38 59l 14| 16 SZ 91. 7617 4:8 ol FAaıE7.0| 3.51 4-71) 6:2) 7.5102.01 2.5 
BV FO) Ss) >20) 2606|. 2 29| 28| 55| 184] 5.2 ol 2382117751072] 5:6|%.0:0| el CHG Sian 
Bn 731,221 116) 39| 735 2 25| 56| 685| 6.8] 208] 63] 25.4| 13.0| 7.3] 3.1| 2.5] 1.2| 4.6 
Au 98| 147 ol 28| 27 18 708321612315 5:0) 2767 215|179:5| T0,8102.5]2.%.6|7 1.7[277.8122 
Fe 121| Iı5 T2 02 221 = 24) 1917 22#168| 4.7 OT || 3.4007.710.7.812.683.0103.8 
Ba 117| 146 Ol) TAl0277 15| 25| 18] 80] 4.9 O 14173102 21N0601809|N 05 N0;S1M0;0 
Ho 7061548127061 #167 28| 35) 117] 651.280] 6.2 ONE NO AIM ER I OMR 
Rm 80| 40| 64 2 Bi 2412810 13) 354) 6.2 2128| 4.51 22.61 3270|. 9.01, 0.512033] er 
Et TEA LAW 23) >27), 32 84} 28] 19| 177] 6.0[ 00 nos | no oe or Oz 
He 99] 149] 40] 515| 582] 66| 288) 51| 243] 5.8| 28] 83 
Rz IOI| 132 o| 34] II LAN AG}, all O7 Aull Dwell 0270 To) OAI 
Wi 143| 272 ) 10 o| 17| 124] 50| 356| 6.1 28| 21|10.1| 2.4] 3.7| 3.4] 0.6| 0.5) 2 
Tez 145| 197 OO Ol) 32\ 19] 45] 242)" 6-1 26| 10) 12:0|N05)|N0 Tr el 0725| 202812 
Kl 175] 131 (6) o ol 25| 23| 35| 238| 5.6] 68 II LO} AA SS CLG! ow) Oya) 22 
BL 
DH 371.932 7060| 28 9| 48| 11| 20] 64| 4.0 ol 58] 18.4] 31.0) 7-0] 4.2] 0.9] 4.7] 0.7 
DB 58] 94] 66] -12 21 41 8 9| 37| 4.0 O}) 3172.70 240|,7.210.0.810.0:4 =0,812.077 
W SR RENOM EN ETES ol 46|11.8| 4.4113.0| 2.0] 1.0] 0.5] 0.3 
SA 106| 109] 57] 17 210390, 14007217 5S) 4 0), | Poll Say set) Zed CwGi| Chil CKO] Ow 
U 33| 122 FL 2A | 219 2210750 70 203.9 fe) 6123.41 2) 425) ed} 0-0/5 0-6|5 O19 
B 89] 112] 36| 18 3 2 It] 15| 96} 4.9 ol 20|ı. 1:3] 3.91. 0.01.0.81.27.0120.9 
D 59| 69 25 E32 7 18} 13 8| 47| 4.4 Or 32 |) 2-0] Oss 5 0.4140.617.0.7, 
MH 87| 54) 49] 2 8| 34] ro] 12] 64] 5.0 0| 12110 0114010211 0.0)" 0.4) 20217 07 
Rs 107| 48] 205) 21 A| 23 7| ı5| 28 4.7 o| 12) 3.2| 3-7) 3-9 7.31. Ov4 |) £OLO| NEO 
LM 851 70m S2i) +15 I 50} 14| 25| 38) 4.9 0 23/75) 7-9! 4.0| 1:31 0.41 0131 94 
ILx 129| 68] 34) 45) 22] 19 8] 15} 54] 4.6 ol 14} 2.5] 15.2] 3.9] 0.9] 0.7] 0.3) 0.3 
IBg CAR 68 0:52) =20] GS 20). 11/10) 76) 5.5 ol al Hal Seal SA! Oel el Oe) 
‘Ae 138] 69 41| 66] 22 22|0 1510527127092 95.9 7 21 
Za 245| 51| 1rol 69| 231 69l 371 65l 620| 6.41 691 23] 1:11 73 6.3| 1.9| 2.6| 4.7| 19 


Fellus X (1958), 4 


'— 807638 


NOTES 


CO,-values in Scandinavia May—July 1958 


(Cf. Fonsetius, KOROLEFF: Tellus 7, pp. 258—265) 
May June July 
leu = 4 5 : 
‚9 © a © = = 
B el .. 3 ie: 2 3 |Sel&| oc 3 3 |ge 
ae E CEE = : [OIA = Silo 
g CAN an: ZW: 
| 5 == = —| 2.67|| 9 10 16 
K 18|— 6 ENDE 72 8| 2.72||17 Io E7 
ro 13.0 | NE 5 2| 2.86||18 7 27 
24 ö 
51 0:5) || ESE 8 9} 3.03]19 3.0 |N I |= 10} 2.94||16 — = SS = 
m ro 2.72 SO 5 1| 3.09||17| 16.4 |NNE 3 10| 3.24||17 — == —| — 
EO | eek Omi IN 5 3.23||88| 17:0 15 7 10| 3.67||27 — — — =. 
| 24| 16.0 |N I 5| 3-32 
Sr Se AN I 9|2.96|| 9} 7.2 |W Mi 9| 3.271116 — — —| — 
oF 1S hee Lee IN 13 |X 1o|3.01||17| 17.0 |S 10 I] 3.10||17 — = So) ea 
I |r9 0.7 |N I 1|3.10||18| 18.0 |SSE 10] = 4|3.03||27 — — = 
24| 18.5 |S | = 3:73 
5} — —| —| —| 9 — —| —| —i6l — —| += 
[Be 18} 1.0 | NW 8 8| 2.81||17| 15.0 |S = 2.78||17 — = =| #7 
10 O@ | NIWA) LO: 5| 3.09||18} 6.0 | W I 2.89||27 == = | == 
CHAT OMIS Ile 10} 3.34 
5 a == =| mo) x NE 3le 10|2.84||16| 16.6) Calm 6| 3.18 
E 18| 85 |W 5 2| 3.07||17] 18.8 |S 6 I] 2.54||17 14.4,NNE 4 8| 2.59 
17 
19| 8.5 |W 7 1| 3.09||18| 19.7 |S 8 2| 2.55||27 == en US 
à 24| 19.0 |S 2 I} 3.03 
5| 13.2 | NW 2 | I| 2.941] 9] 14.0 | W I 9| 2.41||16 — = Eule 
Fl 18) 6.8 | W I ses lle les ous 2 213.22 07 — = NS 
19) 8.0 | W I 2|2.95||18| 13.6 |S I 9| 3.03||27 — == — == 
26 2 15.2 | Calm 8| 2.96 
5| 5.0 | W 4 1|3.10|| 9] 14.0 | W 3 6| 3.27||16 = = —| — 
pı [8] 8-0 SW 3 |e° 10|2.88||17| 16.0 | NW 3 5| 3.69||17 — — | — 
19] 11.0 | SW I 4| 2.92|\18| 18.0 | W 4 4| 3.08||27 u —| — 
24| 16.0 |S I 7| 3-12 Di ON oe 
GP ee a 210 10|3.14|| 9] 4.1 |SE 2 }e° ro} 3.45||16| 10.8 | WSW 21% 10| 3.39 
So NO AS | JN) 3|X 10| 3.50||17 == BE — |" + <A 
19|— 0.9 | NE 31% 10|3.38ll18| 20.5 |SSW 4 loo° 5] 3-45] [77 14.6 | WSW 2 RE" 
24| 14.6 |W 4 10] 3.32 27, 199 |NNW rl o Ra 
5| 5:0 |NNE 3le° 10|3.32|| 9) 11.6 |WNW ı[®° x0} 3.32||16] 16.2 36] 162 |wew a 2 o| 3-42 
18} og |N Gle° ro} 3.50]/17| 19.4 | WSW 1 0| 3.32||17| 17-2 | WNW 2 o| 3.30 
Ka 2 2 33 
19] 1.2 |NNW 5le 10| 3.47||18| 21.6 | SSE 2 0} 3-471127| 20.0 |ENE 2 o| 3.18 
2A| 187 || VW! I 0| 3-42 
5 2.2 N I M 513-3511 9} 15.0 | SSE 2 IO} 3.23||16| 15.6 | W ¥ 5| 3:35 
Ku [28] 27 | SSW 1e ro} 3:49||17| 17.6 | Calm o| 3-30]|17] 16.4 | W I 5| 3.06 
19 | 3.57 W 2 5] 3-45||18] 20.5 |S 2 0| 3-321127| 19.9 | NE 2 10| 3.04 
24| 19.8 | E I 5| 3-36 
5| 3-4 TINT o 10! 3.38|| 9 12.9 |SSW 2 10| 3-36]/16] 16.8 | W 2 5| 3:51 
Jy CNT fs) 2|e 10 3-46]|/17| 19.2 | SW 2 5] 3-47||17] 19.3 | N I 5| 3-51 
19) 1.6 | NW 3 |[e* IO} 3.41||18| 20.4 |S 3 2| 3-53]|27| 20.2 | NE 2 5| 3.36 
2 en es. eae | Fa 
5 4.2 |N 1 i 10| 3.34|| 9} 13-2 SE 2|e° 10|3:40||16| 10.8 | WNW 2 © 513.26 
Pu [rgl 64 |SSE 219 10] 3.51 2 17.8 = 21© 4|3-58||17| 18.7 | SW 21O 213.33 
e 18] 20.0 SW 2|© 5|3.56||27|l 17-5 |N I IO} 3.41 
19| 47 | NW 3[V 103-4824] 18.1 |ESE ı|© 2] 3.35 f sf 


Tellus X (1958), 4 


NOTES 


May June 
S „= 

2 {eb} TD = = © rg Ö a 
eee ER) 2 13 be 
A > = [|A = © 9 = 
= = = = 
5| 6.0 | Nw 2 10} 3.40|| 9} 9.5 | SW 3 == 103-45 
Ty 18} 4.0 |WNW 8 10| 3.41/|17| 16.0 | E 5 5| 3-20 
19] 8.0 | WNW 7 0| 3.23||18| 17.0 | E 4 o| 3-36 
24| 16.0 | SE I 10| 3.30 
5 0.3 | E 2 9| 2.78|| 9| 4.0 | Calm 1| 3.00 
Ta roy 2.2 | NE 4 9| 3.14||17| 13.0 | Calm 2| 3.06 
19 1.0 |NE 9 |A*IO} 2.97||18} 17.0 |S 4 2| 3.16 
24 9:11 Calm @ 10| 2.91 
5l 5.5 |SSE ı|="10|2.84|| 9] 5.8 | W Al 42:01 
Ve 18] 18 |N ss os |I7ler4. 20] lt ee 
ae N = 71 2,82|178| 5.4 hk al 3.00 
24| 12.6 |N 23:22. 
5} 5.0 | WSW 2 5|3-19]| 9] 7-1 5| 2.90 
VA 18} 6.7 | WSW 13 IO] 2.95||17| 16.7 | Calm Io] 2.78 
Ig} 9.1 |W 9 5| 3-09]/18] 11.2 | W 13 IO] 3.12 
2 T3-9H INNE OT 5| 3-52 
SRO: IS 4 10] 3.19|| 9| 12.0 INW to I| 3.02 
Sd 18| 9.0 | NW 6 2| 3.01/17) 9.0 | W 4|e 10| 3.16 
i 19| 10.0 | NW I | 3.06||r8] 11.0 | NW 6 8] 3.14 
24| 16.0 |SW 1 | [X Io| 2.93 
5| 10.6 | ESE 4 9| 2.94|| 9) 16.5 | W 4 Io] 2.78 
Od 18} 11.4 | W 5 31 3:04.77 28:7 \SE 3 10| 2.57 
19| 14.7 | SW 4 113.17|18| 15.3 | SW 5 6! 3.41 
24| 15.3 | SW 3 10| 3.09 
Feros 2 TO 2:01) 9| 602.25). SM 3 9| 2.98 
re ES | ewe. 2) |W 5 9| 3.14||17| 23.6 | SE 6 1| 2.83 
7 19| 12.0 |W 3 3] 3.00]|18] 15.0 | NW 5 4| 2.51 
24] 17.0 | NW 2 1| 2.99 
5 273.18 4 8} 3.14]] 9| 11.9 |SE 6 To] 2.90 
Nal 4 — — = : 18.5 | NNW ; 3.02 
19] 12.3 | SW 14 10| 3.11||18| 14:7 | NNW 5 4| 3.21 
2 — | SSW 2 8} 2.87 


Tellus X (1958), 4 


507 
Et 

Tv 5) = 

o a 
El Se A= en er 
A = 8 |07 
= 8 
TO 17.00 SW] 4 5) 3-40 
17| 15.0 |E 2 10| 3.28 
27 EROLOM ES I O| 3-41 
16 9.7 | W 2 10| 2.95 
17| 9.6 | SSE 4 8| 2.90 
27| 15.5 | SSE 4 13,02 
16] 87 |WSW 5le° 2.67 
17| 9.4 |SW 51Ve |3.12 
PAG PANES ||| SB 4 I] 2.97 
1261 17.2 || WoW. 2 5| 2.72 
17| 15.7 | SW 2 5312 
27| 13:0 |NE 2|V@10| 1.77 
16| 14.0 | NW 2 203.27 
17| 15.0 | NW 2 I| 3.09 
Dal SOO) ||| SSN 4 3.02 
16] 12.3 | NW 222103207 
17| 11.6-| NW 3 |e” 10} 3.06 
20 MES AIS 3 10| 2.62 
16| 11.9 |W 5 |e° 10| 2.64 
17| 16.2 | WNW 5le 10} 3.37 
27| 16.6 | NW 4 1| 3.06 
16| 14.9 |NNE 14]/@ 3|3.17 
ie RL 7 3| 2.91 
27 — — —| — 
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NOTES 
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Correction. The stations Eskdalemuir (Es) and Camborne (Ca) have their HCO, values for November and December 
1957 expressed in mg/m?. The values in micro equivalents are: 


November December 


AR 172 8 


33 4 


The correct precipitation values for following stations during Jaunary 1958 (D 8or) are: 


NO,-N|NH;-N| Na 


New Stations Code 
Malines Ma 
Belle te Tee RSR à a et Bt 
GONE RER AT. MEL RME ne: @l 
DublingAinports een: DA 
VE EN, Bi 
NONE. SEE oe RE RI 
ROCHER EE 6 Lome ore RP 
1 STKOLTG AVE TOA lke Gaels ET reece capes otal Fj 
ING ye VISE ants. ee NL 
SORT SO: we one OO aes Hô 
OST NONSAS saree ce RU aoe OT 
One heen + BER DE On 

Abolished Stations 

BARRE Ai Br 
ArelblumimelNe ee 2 eee eee AH 
NT a ESS SRE ee ie Maes Vi 
Eros damen CRM LS RAN Fi 
SAN ESA LED re en Si 
SO CA Eee ee S6 
Changes in the sampling 

RGR Gramsctiasree aria te eee Ri 
STE POS ME enge Sees Seo Sv 
Eee EI 162 
1X Ko N tees Bo 
Balstenbobruk ee senden ode es ste Fa 
SNA SE ab Mode Sy 
Brasneeklobye. ae ke heer neue BH 
JAIN eee cree oe Pace ON cree Al 
GTI PHVA eet ater pire en ren Ki 
dunia oo ae ee Od 
AS ONE ME cote doctors tigen ar ets As 
IRV STONE AL eee os ue NRL SO ea Ty 
PNB CLG CeHinn Eee Se Ab 
BIDON ER case anne Ed 
PCOS et en. PER RE mee Le 
Rio thramisted crete no NRA se ee Ro 
NÉMIOH ADO ER ER eae NA 
ÉRIC ICE te ane D CR Lw 
SUOMMOW ays er de ee rl Sw 
ILERERO VE RE ee Ag 


17 
ET 
57 
13 
4I 
Country Ind. OMM. LatN En ch Prec. * Ait # Stark 
Ireland 03980, 1552 224072304 Wi + 1.6.58 
dl 03976 54°14’ 10° 00° W - 1.3.58 
2 03974 54° 11 07° 14° W + 1.7.58 
x 03969 53° 26’ 06° 15° W ae 1.2.58 
Q 039654553205 Wear Wo ee 1.4.58 
as 03957 52°15’ 06°20 W + 1.5.58 
a 03952 51° 48° 08° 15° W + 1.8.58 
Denmark S0 103 MOTO RE + 1.8.58 
4 56° 03’ 08° 06’ E = 1.8.58 
Sweden SONATA TORE + TIILESS 
à: SO 48 1455478 + ITA SD 
a SO: 084 40T + + 1.9.58 
Dat. 
Sweden 1.8.58 
+ 1.9.58 
€ 1.8.58 
a 1.10.58 changed to Hégaryd Hö (See New Stations) 
es 1.11.57 
‘i 1.10.58 changed to Ostra Toris OT (See New Stations) 
Sweden No air sampling from 1.9.58 
Fa a 5 27 77:9.58 
ok CR a EBL SSS 
5 a a 5 > 1.9.58 
ie ie ESS 
5 Kae 2 RAR T:0,58 
y pid : 1728,58 
2“ LUS + ELSE 
Spitzbergen From 1.8.58 only yearly reports 
Denmark From 1.7.58 analyzed in Lyngby. No air sampling 
à 277.58 sad x 2 Ree ” 
% 2397,58 = ‘i de ends Py 


Great Britain From 1.6.58 analyzed in London 
3 » „ ss „> >» » 
1.6.58 


2“ à 20:58 à > ig 
; u 730858 à + 
% 2 ” 1.6.58 a = 

Started sampling 1.1.58 Coordinates See Tellus 10.1958 p. 170 
4, % 1.5.58 ré a” ”” 10.1958 p. 170 
> 2 1.5.58 T A ” 10.1958 p. 170 


Note The French samples are sent by mr Viaut, directeur de la Meteorologique de France. 
For further informations, see Egnér H., Eriksson E. Tellus 7 1955 pp. 134—39, Tellus 8 1956 p. 285 and 517 and 


Fonselius S. Tellus 10 1958 pp. 170—7r. 


Stig Fonselius 


Tellus X (1958), 4 


INDEX 


ACADEMIA SINICA, PEKING: On the General Circula- 
tion over Eastern Asia (II), 58, (III), 290. 

ADDERLEY, E. E.: An Experiment on Artificial Stim- 
ulation of Precipitation in the Snowy Moun- 
tains Region of Australia, 275. 

ADEM, J.: On the Relation between Pressure and 
Wind, with Particular Reference to a Vortex, 
326. 

Aerological Soundings, Ludlam, Saunders, 83. 

Air, Current Data, 172, 281, 401, 500. 

AKASOFU, S.-I.: The Helicoidal Structures in the 
Cosmical Electrodynamics, 409. 

ALAKA, M. A.: A Case Study of an Easterly Jet 
Stream in the Tropics, 24. 

ALFVÉN, H.: On the Theory of Magnetic Storms and 
Aurorae, 104. 

ALTSHULLER, A. P.: Natural Sources of Gaseous 
Pollutants in the Atmosphere, 479. 

Analyses, Berggren, 289. 

Antarctic Geophysics, Wexler, 76. 

— —, Letters to the Editor, Mellor, Wexler, 498. 
Arons, A. B.: Some Examples of Stationary Plane- 
tary Flow Patterns in Bounded Basins, 179. 
Artificial Stimulation of Precipitation, Adderley, 

Twomey, 275. 

Atmospheric Chemistry, Neumann, 165. 

— Solar Tide, Thrane, 415. 

Aurorae, Alfvén, 104. 


Barotropic Atmosphere, Barret, 305. 

— Forecasts, Berggren, 280. 

— —, Martin, 451. 

—=—, Williams, 216. 

Barret, E. W.: Eccentric Circumpolar Vortices in 
a Barotropic Atmosphere, 395. 

BATTAN, L. J.: Influence of the Environment on the 
Initiation of Precipitation in Tropical Cumuli 
over the Ocean, 466. 

Be7 , Rama, Zutshi, 99. 

BENTON, G. S.: Some Comments on the Numerical 
Integration of the Vorticity Equation and Relat- 
ed Equations, 313. 

BERGGREN, R.: Comparative Studies of s00 mb 
Barotropic Forecasts Based on Different Anal- 
yses, 289. 

BRING, A.: An Experiment in Numerical Predic- 
tion with two Non-Geostrophic Models, 88. 

Burcer, A. P.: Scale Consideration of Planetary 
Motions of the Atmosphere, 195. 


Tellus X (1958), 4 


CALLENDAR, G. S.: On the Amount of Carbon 
Dioxide in the Atmosphere, 243. 

Carbon Dioxide, Callendar 243. 

CHARASCH, E.: An Experiment in Numerical Predic- 
tion with two Non-Geostrophic Models, 88. 

—: Note on Numerical Prediction of Intensity 
Changes of Disturbances with the Aid of the 
Quasi-Geostrophic Barotropic Model, 95. 

Chemical Stations, Fonselius, 170. 

Chemistry, Atmospheric, Neumann, 16s. 

Circulation, Vertical, Palmén, 1. 

CO,, Current Data, 176, 287, 407, 506. 

— Stations, Fonselius, 170. 

Coacuman, L. K.: Gas Loss from a Temperate 
Glacier, 493. 

Colloidal Stability of Warm Clouds, Squires, 256, 
262. 

Conference in Atmospheric Chemistry, Neumann, 
165. 

Cootey, D. S.: Statistical Forecasting Operators 
Based on Dynamical Equations, 331. 

Cosmic Ray, Rama, Zutshi, 99. 

— —, Intensity, Eckhartt, 126. 

— — —, Venkatesan, 117. 

Cosmical Electrodynamics, Akasofu, 409. 

Cumuli, Squires, 372, 381. 

—, Tropical, Battan, 466. 

Cumulus Development, Warner, Squires, 300. 

Current Data, Air and Precipitation, 172, 281, 40T, 
500. 

— —, CO,, 176, 287, 407, 506. | 


DEFANT, Fr.: The Break Down of Zonal Circula- 
tion during the Period January 8 to 13, 1956, the 
Characteristics of Temperature Field and Tropo- 
pause and its Relation to the Atmospheric Field 
of Motion, 430. 

—: The Strong Index Change Period from January 
I to January 7, 1956, 225. 

Discontinuity, 20°-, Nishimura, Kishimoto, Ka- 
mitsuki, 137. 

Droplet Concentration in Cumuli, Squires, 372. 

Dynamical Equations, Cooley, 331. 


Earthquakes, Nishimura, Mikumo, Otsuka, 145. 
Eastern Asia, Academia Sinica, Peking, 58. 
Eccentric Circumpolar Vortices, Barret, 395. 
ECKHARTT, D.: On the Increase in Cosmic Ray Inten- 
sity and the Electromagnetic State in Interplane- 


510 


tary Space during the Solar Flare of Febr. 23, 
1956, 126. 

Electromagnetic State, Eckhartt, 126. 

EutaAsEN, E.: A Study of the Long Atmospheric 
Waves on the Basis of Zonal Harmonic Analysis, 
206. 

Enns, T.: Gas Loss from a Temperate Glacier, 493. 

Eriksson, E.: The Possible Use of Tritium for 
Estimating Groundwater Storage, 472. 

Errors, Systematic, Martin, 451. 


FALLER, A. J.: Some Examples of Stationary Plane- 
tary Flow Patterns in Bounded Basins, 179. 

Fonseuivs, S.: Coordinates and Map of CO,- and 
Chemical Stations, 170. 


Gas Loss, Coachman, Enns, Scholander, 493. 

Gaseous Pollutants in the Atmosphere, Altshuller, 
479. 

General Circulation, Eastern Asia, Academia Sinica, 
Peking, 58, 299. 

Glacier, Temperate, Coachman, Enns, Scholander, 
493. 

—, —, Gorham, 496. 

GOLDBERG, E. D.: Quartz Contents of Pelagic Sedi- 
ments of the Pacific Ocean, 153. 

GORHAM, E.: Soluble Salts in a Temperate Glacier, 
496. 

Groundwater Storage, Eriksson, 472. 


Harmonic Analysis, Eliasen, 206. 
Helicoidal Structures, Akasofu, 409. 
Hurricane Hazel, Palmen, 1. 

Hydrology of Deserts, Starr, Peixoto, 188. 


Index Change, Defant, Taba, 225. 


Jet Stream, Alaka, 24. 
— —, Koteswaram, 43. 


KAMITSUKT, A.: On the Nature of the 20°-Disconti- 
nuity in the Earth’s Mantle, 137. 

Kinetic Energy, Palmén, 1. 

KISHIMOTO, Y.: On the Nature of the 20°-Disconti- 
nuity in the Earth’s Mantle, 137. 

KOTESWARAM, P.: The Easterly Jet Stream in the 

Tropics, 43. 
Kunn, P. M.: An Economical Net Radiometer, 160. 


Latent Heat, Woodcock, 355. 

LiNDHOLM, F.: On the Ängström Absolute Pyrhelio- 
metric Scale, 249. 

Long Atmospheric Waves, Eliasen, 206. 


INDEX 


~ 


Lupram, F. H.: Comparison of Acrological Sound- 
ings made Simultaneously by Radio-Sonde and 
Aircraft, 83. 


Magnetic Storms, Alfvén, 104. 

Martin, D. E.: An Investigation of Systematic 
Errors in the Barotropic Forecasts, 451. 

Mettor, M: Antarctic Geophysics, Letter to the 
Editor, 498.. 

Mixumo, T.: On Anomalous Time-Distance Curves 
Observed in Local Earthquakes, 145. 


Neumann, G. H.: The Fourth Annual Conference 
in Athmospheric Chemistry May 20—22, 1957, 
165. 

Net Radiometer, Suomi, Kuhn, 160. 

NisHIMURA, E.: On Anomalous Time-Distance 
Curves Observed in Local Earthquakes, 145. 

—: On the Nature of the 20°-Discontinuity in the 
Earth’s Mantle, 137. 

Non-Geostrophic Models, Bring, Charasch, 88. 

Numerical Integration, Benton, 313. 

— Prediction, Bring, Charasch, 88. 

— | @harasch Ose 


OTsuka, M.: On Anomalous Time-Distance Curves 
Observed in Local Earthquakes, 145. 


Pacific Ocean, Rex, Goldberg, 153. 

PALMEN, E.: Vertical Circulation and Release of 
Kinetic Energy during the Development of 
Hurricane Hazel into an Extratropical Storm, I. 

PEixoTo, J. P.: On the Global Balance of Water 
Vapor and the Hydrology of Deserts, 188. 

Pelagic Sediments, Rex, Goldberg, 153. 

Planetary Flow Patterns, Stommel, Arons, Faller, 
179. 

— Motions, Burger, 195. 

Precipitation, Artificial, Adderley, Twomey, 275. 

—, Battan, 466. 

—, Current Data, 172, 281, 401, 500. 

Pyrheliometric Measurements, Ängström, 342. 

— Scale, Lindholm, 249. 


Radio-Sonde, Ludlam, Saunders, 83. 

Radiometer, Suomi, Kuhn, 160. 

Rama Tuor: Annual Deposition of Cosmic Ray 
Produced Be? at Equatorial Latitudes, 99. 

Rex, R. W.: Quartz Contents of Pelagic Sediments 
of the Pacific Ocean, 153. 


Quartz Contents, Rex, Goldberg, 153. 
Quasi-Geostrophic Barotropic Model, Charasch, 95. 


Tellus X (1958), 4 


UNIDIERS 


SAUNDERS, P. M.: Comparison of Acrological 
Soundings made Simultancously by Radio-Sonde 
and Aircraft, 83. 

SCHOLANDER, P. F.: Gas Loss from a Temperate 
Glacier, 493. 

Sea Salt Particles, Woodcock, 355. 

Solar Flare, Venkatesan 126. 

Soluble Salts, Gorham, 496. 

Squires, P.: Liquid Water Content and the Adia- 
batic Model of Cumulus Development, 390. 

—: Penetrative Downdraughts in Cumuli, 381. 

—: Some Observations Relating to the Stability of 
Warm Cumuli, 272. 

—: The Microstructure and Colloidal Stability of 
Warm Clouds, Part I, 256, Part II, 262. 

—: The Spatial Variation of Liquid Water and 
Droplet Concentration in Cumuli, 372. 

STAFF MEMBERS, ACADEMIA SINICA, PEKING: On 
the General Circulation over Eastern Asia, (I), 
58, (III), 299. 

Starr, V. P.: On the Global Balance of Water Vapor 
and the Hydrology of Deserts, 188. 

Statistical Forecasting, Cooley, 331. 

STOMMEL, H.: Some Examples of Stationary Plane- 
tary Flow Patterns in Bounded Basins, 179. 

Suomi, V. E.: An Economical Net Radiometer, 160. 


Taba, H.: The Break Down of Zonal Circulation 
during the Period January 8 to 13, 1956, the 
Characteristics of Temperature Field and Tropo- 
pause and its Relation to the Atmospheric Field 
of Motion, 430. 

—: The Strong Index Change Period from January 1 
to January 7, 1956, 225. 

Temperature Field, Defant, Taba, 430. 

THRANE, P.: The Diurnal and the Semidiurnal 
Atmospheric Solar Tide, 415. 

Tide, Solar, Thrane, 415. 

Tritium, Eriksson, 472. 

Tropical Cumuli, Battan, 466. 


Tellus X (1958), 4 


511 


— Storms, Woodcock, 355. 

Tropics, Jet Stream, Alaka, 24. 

—, — —, Koteswaram, 43. 

Tropopause, Defant, Taba, 430. 

Twomry, S.: An Experiment on Artificial Stimula- 
tion of Precipitation in the Snowy Mountains 
Region of Australia, 275. 

—: Some Observations Relating to the Stability of 
Warm Cumuli, 272. 


VENKATESAN, D.: Changes in Amplitude of the 27- 
day Variation in Cosmic Ray Intensity during 
the Solar Cycle of Activity, 117. 

Vortex, Adem, 326. 

Vorticity Equation, Benton, 313. 


Warm Cumuli, Squires, Twomey, 272. 

— Clouds, Colloidal Stability, Squires, 256, 262. 
Warner, J.: Liquid Water Content and the Adia- 
batic Model of Cumulus Development, 390. 

Water Vapor, Starr, Peixoto, 188. 

WEXLER, H.: Antarctic Geophysics, Letter to the 
Editor, 499. 

—: Some Aspects of Antarctic Geophysics, 76. 

Wiırriams, S.: An Empirical Correction to the 
Barotropic Forecasts, 216. 

Woopcock, A. H.: The Release of Latent Heat in 
Tropical Storms Due to the Fall-Out of Sca-Salt 
Particles, 355. 


Zonal Circulation, Defant, Taba, 430. 
Zutsut, P. K.: Annual Deposition of Cosmic Ray 
Produced Be? at Equatorial Latitudes, 99. 


Ängström Absolute Pyrheliometric Scale, Lindholm, 
249. 

ANGsrRôM, A.: On Pyrheliometric Measurenients, 
342. 

ÄNGSTRÖM, ANDERS, 70 years on February 28, 1958, 
164. 


ae Er N! | 
| "2 
di ron ty LP LA rt 


ni : J KS D a 
a phe ER ARE ME. Mr 
Raed NE LT 
WIR = Mn à . ‘ LU = 


* 


: u eo oy 1 a of + UM Eu 
Kr Ay, is N ONE 2 


yt Ae) “ A HE rt DAS Te 

TE ‘ Met Rey aay Er. 

‘hy wer aes Lips Rimes er 

2: Ta Nj RAM Nr aug eae rid tN 

A M. Gear har ey «ts RUES 
fein oa a Whately: j à ; 


* aoe Pa ö * u 
N nl u et vis a eu DB: di SR Rata ri 
: Prone res vr EL a Sata ee 72 12), DR SEE Frag ve 5 


. ty "a Dre tee à Pa ee as Ir} 
Be ro PR reba Vs 7 Asan Pie ea DES PANS ae #, : wast! tlds 
LAN Al Sr oi eee 


Bar“ Er aa Pel? oot ye Po di B rac 


’ Ai _ “yi om) gina fT : Va. : u. er BA | 
: e-% CES ae eres Crete 7 et: 

UT” a PAL À VIE" nt roi 
| | mr LT Bahr: “ou 3 D'ETR 4.49: Mad ee 
À a Pa sh ah te + PRET 2 er litt tad ae 


Pitta ees Tok TE NOTE PE 
ae é Ba J i> 
LA! oe : * LUI ; 
; int 
ADS \ rend Rien 
k x £ 20) 
a Te : th val 
oe ER ven 
\ 
| SU Buty aie? 
% à se u LÉ 
„ rt ac 
{ . ca ie nie a 
e) . WE 
7 I ie) ee 
mS pe F t 5 ir = 
E 5 ? DER À | fey ı , 
LIEN 29 7 JON ne hi wi } 
a TB 
Ge ee © Dies Pak Ber Be 
| N , \ Fate en F4 Û 4 5 
in a 2 je Be ke de. 
LE vt * + 
a a à x 
om ous ag 
aw Ö i À 
Fr (PL 


